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Abstract 
 

Interpreting how far organisms within fossil assemblages may have been 

transported and if they all originated from the same location, is fundamental to 

understanding whether they represent true palaeocommunities. The Burgess 

Shale of British Columbia is the archetypal fossil Konservat Lagerstätte, 

preserving soft-bodied organisms from the Middle Cambrian (505 Ma). These 

fossils have been fundamental for understanding the origin of all major animal 

groups on Earth during the Cambrian explosion; and more recently, have been 

used to investigate the evolution of community structure through time. This 

thesis aims to expand our understanding of the transport of soft bodied 

organisms, potential biases introduced through transport processes, and 

ultimately to test the competing hypotheses for the Burgess Shale biota, on the 

extent of transport the animals, of the Burgess Shale underwent before ultimate 

burial. This aim was achieved by (i) conducting novel, systematic taphonomic 

experiments with the soft-bodied organism, Alitta virens in an annular flume. 

This allowed for accurate replication of a range of laminar to turbulent sediment-

laden flow types; (ii) compiling indices of degradation from transport and decay 

that enabled quantification and comparison of the degree of degradation across 

experiments and within Burgess Shale fossil material; and (iii) testing the 

survivorship potential and biological capabilities of Alitta virens after transport. 

Experimental work showed that (i) recently deceased polychaetes were capable 

of remaining intact over long distances in a range of flow types with little 

damage; (ii) Alitta virens can be transported by similar flows identified in the 

deposits of the Burgess Shale for tens of kilometres without additional damage 

beyond that already experienced due to pre-transport decay; and (iii) Alitta virens 

can survive transport and regain biological capabilities after transport in oxygen 

deficient environments. These results highlight the effects from transport 

induced biases on soft-bodied organisms and how these biases may have 

important implications for the palaeocommunity fidelity of Lagerstätten 

entombed within density-flow deposits.   
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 Introduction  
 

 

1.1 Project Rationale  

 

 Research aims and objectives 

 

1.1.1.1 Aims  

The principal aim of this research is to answer one central question: how 

are soft-bodied organisms affected when transported by different types of 

sediment-density flows?  To answer this, I will systematically investigate and 

quantify how transport, within different types of subaqueous sediment-density 

flows, affects the overall preservation potential of soft-bodied organisms such 

that the results may have a broad applicability.  

Developing our knowledge of how soft-bodied organisms may survive 

and endure different types of transport will help us better understand how 

transport processes control their preservation in the fossil record. Using the 

Burgess Shale Lagerstätte of British Columbia’ Canada as the case study, I will 

investigate if the Burgess Shale represents flow deposits and whether or not, 

organisms could have been transported over significant distances in similar flow 

events that subsequently entombed these animals and, to what extent, would a 

flow affect their overall preservation.  

1.1.1.2 Objectives: 

In order to investigate systematically the transport of soft-bodied 

organisms, this study conducted novel systematic transport experiments 
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utilising a counter-rotating annular flume housed at the National Oceanographic 

Centre, Southampton. The polychaete, Alitta virens, is used in this study as the 

soft-bodied organism. This polychaete annelid has been incorporated into many 

biological and palaeontological studies, making it an ideal candidate to be used 

for further comparisons with other taphonomic research studies.  The results of 

this work will have a broader applicability to other soft-bodied organisms 

transported and entombed within flow deposits. To achieve the aims and 

objectives of this project, the key questions this thesis aims to address are 

outlined here: 

 

(i) What are the effects of flow duration, sediment concentration and grain 

angularity from sandy and turbulent, sediment-density flows on states of 

bodily damage to soft-bodied organisms? 

(ii) What are the sedimentological characteristics of the deposits of the 

Burgess Shale, how do they vary throughout the sequence, and were flows 

responsible for sediment deposition? 

(iii) What are the impacts of decay and transport on the palaeocommunity 

fidelity of the Burgess Shale biota? 

(iv) What are the implications of the survival of soft-bodied organisms from 

sediment-density flows? 
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 Significance of research 

 

The outcomes from these aims and objectives will produce (i) indices for 

quantifying decay and transport degradation on the polychaete Alitta virens; (ii) 

enable constraints to be placed upon transport distances of the Burgess Shale 

organisms in order to test competing hypotheses regarding the nature of the 

Burgess Shale biota, namely whether or not the organisms have been subjected 

to transport outside of their original habitat; and (iii) provide evidence from 

actualistic experiments as to whether or not soft-bodied animals can survive 

transport and how they can act as pioneer colonisers through their behavioural 

and biological activities in allochthonous environments. 

 

1.2  Taphonomy: An Introduction 

 

The fossil record provides a great depth of biological and ecological 

information into palaeocommunities and their ecosystems. Understanding how 

animals have evolved and diversified through deep time and, by what means 

they have responded to major events, is possible through the analysis of their 

traces and bodily remains that have been left behind and successfully preserved 

into the fossil record.  

Taphonomy is the study of the biological, chemical and physical processes 

that operate after the death of an organism that allow those remains to become 

fossilised (Efremov, 1940; Muller, 1979; Behrensmeyer & Kidwell, 1985; Brett & 

Seilacher, 1991).  These factors affect the remains of an organism as it transitions 

from the biosphere into the lithosphere and will ultimately dictate the quality of 

preservation (Figure 1.1) (Efremov, 1940; Behrensmeyer & Kidwell, 1985; Brett & 

Seilacher, 1991; Martin, 1999; Behrensmeyer et al., 2000). It is essential to 
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understand that taphonomy is not just about the loss of information in the fossil 

record, but also about the retention and transition of biological remains to 

fossilised material (Behrensmeyer et al., 2000; Purnell et al., 2018). The field of 

taphonomy therefore attempts to elucidate the most important factors controlling 

fossilisation. It is particularly useful for understanding rarely preserved soft-

tissues, the most decay prone elements of an organism that also provide the most 

informative biological information.  
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Figure 1.1 Summary of taphonomic pathways to fossilisation. 
The processes and pathways involved as organic remains pass from the 

biosphere into the lithosphere known as the fossilisation process. Starting 

with organic remains of an expired organism, all pathways will be affected 

by taphonomic processes that determine what is lost and what is retained in 

the organic remains as they transform to fossilised remains (pathways and 

processes taken from Behrensmeyer et al., 2000 and Purnell et al., 2018). 

 

Taphonomic bias exists in both the loss and retention of biological 

information in the fossil record and is one of the most important considerations 

for any palaeontological study (Brett & Seilacher, 1991; Behrensmeyer et al., 2000; 

Allison & Bottjer, 2010; Purnell et al., 2018). The timing and location of where an 

organism expires will contribute or hinder its preservation potential. This is 

because taphonomic biases are in operation even before the death of an organism 

has occurred and so must be considered from the onset. Evidently, taphonomic 



 Chapter 1. Introduction 

 

6 

 

pathways are highly complex, especially with the greater amount of time that 

passes between death and fossilization.  

On a global scale, temporal, latitudinal, and environmental biases are 

widespread throughout the geological record (Behrensmeyer et al., 2000; Smith 

et al., 2001; Surovell et al., 2009; Sigwart et al., 2014; Muscente et al., 2017). Sea 

level changes, ocean chemistry, and phosphate production are all thought to play 

a part in the abundance and distribution of fossil assemblages, especially those 

with soft-tissue preservation (Allison & Briggs, 1993; Dornbos et al., 2005; Gaines 

et al., 2012; Hammarlund et al., 2018). Taphonomic biases become increasingly 

more problematic to decipher at the smaller scale due to effects from 

geochemical, physical and biological processes that can differ fossil to fossil.  

Controls on the fossilisation and preservation of individual assemblages, species, 

and even individual organelles of an expired organism have been studied in 

detail and encompass the majority of taphonomic studies (Briggs, 1995; 

Behrensmeyer et al., 2000; Sansom, 2014; Briggs & McMahon, 2016).  

A fundamental taphonomic bias in the fossil record is the fossilisation of 

hard parts such as teeth, bone and shelly material over soft-tissues such as nerves, 

animal cuticles and muscles. Analysis of the mechanisms of soft-tissue 

preservation has gained more attention in more recent years, mostly due to the 

major advances in technology (Briggs & McMahon, 2016). The taphonomic 

pathways that lead to preservation of soft-tissues are complex. Assemblages 

containing soft-tissue preservation are viewed as “taphonomic windows” and 

are crucial for a more holistic understanding of evolution and palaeoecology. 

Fossil Lagerstätten are discussed in more detail in Section 1.5 of this Chapter.  

An important preservational process is rapid burial. This is a major 

taphonomic factor that contributes to the preservation of organisms and their 

soft-tissues as it provides protection from many external environmental 

conditions such as microbial activity. Quick entombment, preferably within an 
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otherwise quiet environment consisting of fine-grained sediments with limited 

scavenging and decay is regarded as a necessity for exceptionally preserved fossil 

assemblages (Piper, 1972a; Conway Morris, 1989; Brett & Seilacher, 1991; Martin, 

1999; Municipal, 2004; Gabbott et al., 2008; Raiswell et al., 2008; Caron et al., 2014; 

Jiang et al., 2014; Muscente et al., 2017; Fu et al., 2019). 

 

1.2.1 Biostratinomic processes  

 

Biostratinomy is a sub-discipline of taphonomy that concerns the physical 

and sedimentological interactions an organism encounters in the phase between 

its death and before its final burial (Muller, 1979; Brett & Baird, 1986; 

Behrensmeyer et al., 2000). The organism itself is treated like another 

sedimentary particle that has a size, shape and mass that will influence how it 

interacts with the physical environment (Seilacher, 1973; Brett & Seilacher, 1991; 

Cadee, 1991).  

Biostratinomic processes include i) reorientation and transport, ii) 

disarticulation, involving the separation of skeletal elements along joints, iii) 

fragmentation, comprising breakage of skeletal elements and iv) corrasion, which 

is the combined affects of mechanical abrasion and corrosion, caused by 

biogeochemical processes (Brett & Baird, 1986). These processes have been 

studied in great detail for organisms that possess hard-parts (Behrensmeyer et 

al., 1979; Argast et al., 1987; Allison, 1990; Brand et al., 2003). Brachiopods and 

bivalves specifically, have seen a large portion of research dedicated to 

understanding the biostratinomic processes causing bias in the shelly fossil 

record (Fürsich & Wendt, 1977; Fürsich & Heinberg, 1983; Brett & Baird, 1986; 

Fuersich & Kirkland, 1986; Flessa, 1998; El-Ayyat & Kassab, 2004; Chattopadhyay 

et al., 2013). By nature, physical disturbances and biostratinomic processes are 
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destructive mechanisms. However, transport processes, depending on the flow 

type, can also be an important factor in preservation potential, as organisms can 

be taken from one environment, with a relatively low preservation potential and 

be moved into a different environment, where there are more favourable 

conditions for preservation. Experimental studies using hard-part organisms 

have investigated sedimentary deposits demonstrating that it is common-place 

for organisms to be transported out-of-habitat (Kidwell & Flessa, 1995; Bartels et 

al., 1998; Behrensmeyer et al., 2000; Raiswell et al., 2008; Jiang et al., 2014). 

 

 

1.3  Experimental Taphonomy  

 

Investigating the palaeobiological, palaeoecological and evolutionary 

significance of fossil remains and their assemblages is complicated. It involves a 

range of multidisciplinary approaches to establish the true nature of the original 

living organism, its community and habitat. There is a critical time window for 

any organism to become preserved in the fossil record and this window may be 

particularly short for soft-bodied organisms. Experiments allow us to investigate 

the important processes that must take place during this critical time period for 

preservation of soft-bodied organisms to occur. Experimental taphonomy allows 

us to test hypotheses about the preservation of an organism after it dies and the 

mechanisms that impact how it degrades over time. Advances in technology and 

refined experimental methods have greatly enhanced this discipline towards a 

more holistic and detailed understanding of taphonomic processes involved at 

the micro and macro-scale (Sansom, 2014; Briggs & McMahon, 2016; Purnell et 

al., 2018). 
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Importantly, a large proportion of taphonomic processes involved with 

preservation and fossilisation can be investigated and replicated in laboratory-

controlled settings  within a desired timescale (Briggs, 1995; Sansom, 2014; Briggs 

& Mcmahon, 2016; Purnell et al., 2018). Through controlled, systematic 

experimentation and hypothesis-driven research, we can test the most important 

variables controlling preservation. For soft-tissue preservation, this is even more 

crucial as it allows for the identification of factors that inhibit the decay of the 

most decay-prone elements of an organism. 

Many important factors controlling preservation have already been 

determined using experimental taphonomy. This has been in large part, 

accomplished by combining analytical techniques with experiments involving 

extant analogue organisms to demonstrate taphonomic bias in the geological 

record (Allison, 1986; 1990; Briggs & Kear, 1993; Hof & Briggs, 1997; Orr et al., 

1998; Brand et al., 2003; Vinther et al., 2008; Sansom et al., 2010; McNamara et al.,  

2012; McNamara, 2013; Murdock et al., 2014; Naimark et al., 2016; Iniesto et al., 

2016). The rate of decay is one such example and plays a decisive role in 

fossilisation. Decay processes are part of the nutrient cycle and contribute to the 

breakdown and degradation of the remains of an organism. Decay experiments 

have revealed biases from decay processes in many taxa and within individual 

species (Allison, 1988; 1990; Briggs & Kear, 1993; Brand et al., 2003; Sansom et al., 

2010; Murdock et al., 2014; Sansom, 2014). Decay rates are useful tools in 

estimating the time between death and burial of an organism and, in some cases, 

enable postulation of how long exposure times persisted before burial of entire 

fossil assemblages. Experiments investigating decay have proven to be crucial for 

understanding and interpreting soft-bodied fossils. Rate of decay is a useful tool 

and has been examined in the laboratory using soft-bodied organisms such as the 

polychaete, Alitta virens and the mantis shrimp, Neogonodactylus oerstedii. These 

experiments showed that decay followed a sequence, regardless of the different 
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levels of  oxygen available (Allison, 1988; Briggs & Kear, 1993, 1994). The 

retention of particular tissues at different stages of their decay can be used as a 

taphonomic threshold (Briggs & Kear, 1993; Caron & Jackson, 2008; Briggs & 

McMahon, 2016). The decay stages of Alitta virens have been used as an important 

tool for understanding how long decay persisted in the Burgess Shale biota 

before it was halted by burial (Caron & Jackson, 2008).  

Other experiments have either buried or covered organisms in different 

sediments in experimentally controlled conditions and demonstrated the 

importance of considering scavenging by other organisms, sediment mineralogy, 

salinity, and the pH conditions under which the biological remains have been 

preserved and how these factors will affect the fossilisation process (Plotnick, 

1986; Allison, 1988; Wilson & Butterfield, 2014). A series of experiments 

investigating the effect of sediment mineralogy on the preservation potential of 

the soft-bodied organisms, Alitta virens and Crangon crangon, used four different 

seawater-saturated sediments (kaolinite, quartz, calcite and Ca-

montmorillonite). These experiments found that sediment mineralogy has both 

positive and negative effects on the preservation of shrimps and polychaetes with 

kaolinite having the greatest effect in enhancing preservation of the polychaete 

Alitta virens (Wilson & Butterfield, 2014). The encasing sediment around an 

organism has important knock-on effects in the early stages of fossilisation. Some 

diagenetic mineralisation reactions such as the formation of calcium carbonate 

and pyrite can occur very early on in diagenesis in the case of the latter by means 

of readily available ferrous ions and dissolved sulphate in pore-waters (Plotnick, 

1986; Allison, 1988; Briggs & Kear, 1993; Wilson & Butterfield, 2014) therefore, 

causing bias as to which features are retained and preserved in the fossil record. 

Early mineralisation and decay inhibition is key to improving the 

preservation of organic remains. Microbial mats (complex multi-layered 

biofilms) have been shown to enhance the preservation of expired organisms by 
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sealing away their remains from external environmental factors and generating 

replicas. Investigation of microbial communities and their influence on 

preservation have benefited from using long-term experiments and new 

biological techniques such as Magnetic Resonance Imaging (MRI) to demonstrate 

exceptional preservation without disturbance to internal organs (Iniesto et al., 

2016, 2015). Microbial mats have been somewhat overlooked in past 

experimental analyses and their involvement in soft-tissue preservation. Recent 

research has documented that microbial mats enhance soft tissue preservation in 

the fossil record. Through the formation of imprints and moulds, replicating 

organic material, and delaying decay, microbial mats can be crucial to 

taphonomic retention (Gehling, 1999; Gall, 2001; Briggs, 2003; Iniesto et al., 2013; 

Iniesto et al., 2015, 2016). Such long-term experimental studies highlighted the 

importance of microbial mats as key pathways in which exceptional preservation 

of soft-tissues can occur as they offer both rapid coverage and delayed decay 

(Iniesto et al., 2016).  

In more recent years, taphonomic experiments have highlighted the 

importance of decay bias that is contributing towards the loss of identity of 

phylogenetically informative anatomical features (Sansom et al., 2010). A series 

of decay experiments using chordates, larval Lampetra and Branchiostoma, 

identified profound systematic biases and demonstrated that the further decay 

proceeded, the further the organism moved down the phylogenetic tree to a more 

basal position. This was because the more phylogenetically informative 

characters were lost to decay first. These findings represented an important 

pattern in decay bias that was coined “Stemward Slippage” (Sansom et al., 2010). 

Stemward slippage has subsequently been demonstrated to be widespread in the 

fossil record (Donoghue & Purnell, 2009; Murdock et al., 2014; Sansom et al., 2010; 

Sansom & Wills, 2013).  
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The preservation of colour and colour patterning in fossils has come a long 

way since colour was reported in the fossil record (Foerste, 1930; Cloud, 1941; 

Blumer, 1960; Biernat, 1984; Hollingworth & Barker, 1991 and detailed references 

within). Newer methods have illuminated the taphonomic factors associated 

with the preservation of colour. Using the latest technological advancements of 

Energy dispersive X-ray analysis and Transmission Electron Microscopy (SEM 

and TEM) it was initially found that feathers preserved melanosomes (Vinther et 

al., 2008). Melanin is a pigment that provides colour in organisms, such as 

feathers on birds and on the exoskeleton of insects. The distribution of the 

melanosome structure preserves the colour in the fossilised organism. 

Experimental taphonomy has shed a light on how fossil colour is preserved and 

distributed throughout the fossil record in extinct organisms such as insects and 

feathers from dinosaurs (McNamara et al., 2012; Vinther et al., 2008). 

Taphonomic biases that control the fidelity with which fossil colour is preserved 

mean that it does not always accurately represent the original colour or hue of 

the animal when it was alive. A combination of analytical approaches using 

scanning and transmission electron microscopy (SEM and TEM), Synchrotron 

rapid scanning X-ray fluorescence (SRS-XRF), Fourier transform infrared 

spectroscopy (FTIR), reflectance microspectrophotmetry and time-of-flight 

secondary ion mass spectrometry (TOF-SIMS) to name a few, have been essential 

in identifying the anatomical and chemical evidence of fossil colour (Colleary et 

al., 2015; Glass et al., 2013; McNamara et al., 2012; Vinther et al., 2008). Innovative 

maturation experiments involving insects and feathers and high-pressure and 

high-temperature autoclaves have demonstrated that colour can be altered 

during the maturation process at different temperatures and pressures 

(McNamara et al., 2012; McNamara, 2013; McNamara et al., 2013; Colleary et al., 

2015; Vinther, 2015). The depth of burial, and the extent of hydrothermal 

alteration and weathering have also been found to be important factors in the 
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preservation of fossil colour (McNamara, 2013). The taphonomy of colour in 

fossils has had major implications for understanding the ecology and behaviour 

of fossil insects, birds and dinosaurs (McNamara, 2013), and how these animals 

may have used their colouration and colour patterns for protection, display, and 

in predator-prey interactions.  

As summarized above, most previous experimental taphonomy research 

has focussed on the importance of post-depositional decay and the mechanisms 

of soft-tissue mineralisation (Allison, 1988; Kidwell & Baumiller, 1990; Briggs & 

Kear, 1993; Briggs & Kear, 1994; Orr et al., 1998; Sansom, 2014; Wilson & 

Butterfield, 2014; Naimark et al., 2016; McMahon et al., 2016), rather than 

understanding the implications of transport and flow dynamics. 

 

 Experimental methods in transport dynamics 

 

The depositional context and sedimentary characteristics of a fossil 

assemblage are crucial for the understanding of spatial and temporal fidelity of 

the community (Behrensmeyer et al., 2000).  Transport processes are an important 

factor in any fossil assemblage where the encasing sediments and deposit suggest 

transport by a flow. This can disrupt the true nature of the original community 

and what it looked like. It is crucial to understand the sedimentary dynamics 

within a deposit (i.e. degree of turbulence) and how to replicate these 

appropriately in a laboratory setting.  Transport capabilities and durabilities of 

some organisms have been studied experimentally and in the field. Here, the 

main methods used to investigate biostratinomic processes are examined. 
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 Rotational tumbling barrels 

 

A tumbling barrel is comprised of cylindrical barrel that revolves at a 

controlled rotational speed in which different types of sediment, water and 

organic parts can be placed and subjected to a tumbling action. They were 

originally designed to polish objects as the tumbling action causes grain-on-grain 

friction. Tumbling barrels were first utilised as early as the fifties in experimental 

taphonomy as a novel technique to test the physical processes of abrasion, 

fragmentation and disarticulation on different organic material (Chave, 1952, 

1964). As physical processes are more common within high energy shallow 

marine environments throughout the geological record and present day, 

biostratinomic processes have focused on these systems and the types of 

organisms that inhabit these types of environment (Chave, 1964). Experimental 

tumbling studies have largely involved organisms that possess hard-parts or bio-

mineralising tissues. Shelly material in particular, such as brachiopod and 

mollusc shells (Chave, 1964; Alexander, 1984; Allen, 1984; Daley, 1993; Flessa, 

1998; Chattopadhyay et al., 2013; Gorzelak & Salamon, 2013; Sigwart et al., 2014) 

echinoids, (Chave, 1964; Kidwell & Baumiller, 1990; Allison, 1990; Greenstein et 

al., 1995; Gorzelak & Salamon, 2013), and corals (Chave, 1964; Ford & Kench, 

2012) have all been subjected to tumbling experiments. Organisms that possess 

only soft-tissues’ however, have been subject to far fewer tumbling studies 

(Chave, 1964; Allison, 1986). Experimental tumbling methods have shed light on 

disarticulation and fragmentation of many different types of animal hard-parts 

and how they break down due to abrasion by both sediment particles and other 

organic hard-part material. 

 Important taphonomic biases have been determined through tumbling 

experiments. Early tumbling experiments involving three series of experiments 
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(using chert pebbles, silica sand and just tap water) by Chave (1964) found that  

the structure and arrangement of the organic material of many marine organisms 

(including sponges, annelids, molluscs, arthropods and corals) were the 

predominant controls on the resistance of skeletal remains (Chave, 1964; Sigwart 

et al., 2014). Many of the damage classification schemes such as those found for 

echinoids and crinoids were established through a series of decay and tumbling 

experiments (Gorzelak & Salamon, 2013; Kidwell & Baumiller, 1990). These 

experiments found that freshly deceased specimens are far more resistant to 

biostratinomic processes than those that had decayed. Rates of disintegration are 

directly influenced by the duration of initial decay the organism experiences 

before enduring any physical agitation (Kidwell & Baumiller, 1990; Allison & 

Briggs, 1993). Disintegration can be quantified by observing and discriminating 

external damage at different periods of agitation (Allison, 1986b; Kidwell & 

Baumiller, 1990). The rotating barrel itself provided a technique to determine 

transport distance by a simple calculation of revolutions-per-minute of the 

rotating barrel (Allison, 1986a; Kidwell & Baumiller, 1990). This allowed 

transport thresholds to be determined and to understand how long different 

species could remain intact over different distances. However, there is difficulty 

with using tumbling barrels as a mechanism to produce flow regimes and 

transporting organisms. The primary purpose of this equipment is to create 

abrasion rather than to generate any type of realistic flow processes.  

 

 Flume studies 

 

Laboratory flumes have been used considerably in sedimentary geology 

and civil engineering to examine the processes and products of sediment 

transport in a fluid (Kuenen, 1966a; Middleton, 1967; Ackers & White, 1973; 
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Saunderson & Lockett, 1983; Bridge & Bennett, 1992; Sumner et al., 2008; Sumner 

et al., 2009; Baas et al., 2009; Talling et al., 2012; Cartigny et al., 2014). Flume based 

experiments in marine ecology are also frequently utilised, particularly in 

phytoplankton and larvae studies (Eckman et al., 1981; Nowell & Jumars, 1987; 

Bouma et al., 2005; DiBacco et al., 2011; Fuchs et al., 2015)(T. J. Bouma et al., 2005; 

DiBacco et al., 2011; Eckman et al., 1981; Fuchs et al., 2015; Nowell & Jumars, 

1987).  

Numerous flume types exist, each with their own advantages and 

disadvantages (straight, race-track, annular and field flumes being the most 

common), offering an effective way to investigate transport processes that are 

difficult to observe in the natural system. Additionally, flume experiments 

provide a means to simplify complex sediment processes in order to understand 

key flow characteristics by pre-determining the experimental parameters that can 

be controlled. A counter-rotating annular flume is utilised in each of the 

experimental studies of Chapters 2, 4 and 5. Its ability to produce long-term, 

replicable experiments that can produce turbulent, transitional, and laminar 

flows and their associated deposits (Sumner et al., 2008, 2009) is desirable for the 

experimental design in this study (see Chapter 2 for full details of the counter-

rotating annular flume).  

In palaeontology and specifically experimental taphonomy, flume 

experiments remain largely an untapped tool. Limited experimental studies have 

utilised a flume to investigate biostratinomic processes. Although tumbling 

barrel studies have highlighted the key role of destructive forces such as abrasion 

and how pre-transport decay affects this process on marine organisms (Chave, 

1964; Allison, 1986a; Kidwell & Baumiller, 1990; Allison, 1990), flume 

experiments allow for a wide-range of complex biostratinomic processes to be 

investigated. Experiments using shelly material and bioclast models have 

demonstrated the importance of currents on biological material and this has shed 



 Chapter 1. Introduction 

 

17 

 

light on palaeocurrents and basin analysis (Muller, 1979; Reyment, 1968; 

Seilacher, 1973). Important considerations on fossil alignment and orientation 

were gained through flume studies (Brenchley & Newall, 1970; Chattopadhyay 

et al., 2013; Reyment, 1968). The durability of marine organisms and other 

detritus in different flow events can be determined through controlling the flow 

parameters in the experimental flume design (Alexander, 1984; Nichols et al., 

2000; Duncan et al., 2003a; Thompson et al., 2011; Chattopadhyay et al., 2013; Bath 

Enright et al., 2017). Well-constrained transport experiments can elucidate 

important transport-induced factors that bias a fossil assemblage. Flow deposits 

that have been identified in fossil assemblages are far more common in the fossil 

record than is commonly perceived especially among fossil Lagerstätten 

(Seilacher et al., 1985; Brett & Seilacher, 1991; Behrensmeyer et al., 2000; Sutcliffe 

et al., 2002; Raiswell et al., 2008; Jiang et al., 2014; Fu et al., 2019).  



 Chapter 1. Introduction 

 

18 

 

1.4  Sediment-gravity flows 

 

Sediment-gravity flows are transport mechanisms in which a mixture of 

water and sediment travels down slope. They can be caused by a number of 

physical processes such as slope failure and storms (Normark & Piper, 1991). At 

one end of the spectrum are debris flows; these types of flows contain a sediment 

mass and volume that exceeds that of the surrounding water column and the 

flow is cohesive in nature with a non-Newtonian rheology (Leeder, 1982; Mulder 

& Alexander, 2001). At the other end, are turbidity currents, also known as 

subaqueous sediment-density flows (Talling et al., 2012), which are single flow 

events that move down slope due to their excess density (Talling et al., 2012). The 

lower density in these flow types generates a higher Reynolds number with 

Newtonian rheology. The primary distinction between these types of flows is 

how they deposit material and their particle support mechanisms. Turbidity 

currents are generally more dilute flows where the main particle support 

mechanism is fluid turbulence (Error! Reference source not found.). In debris f

lows, the dominant particle support mechanism is the yield strength of the 

mixture (Middleton & Hampton, 1973; Haughton et al., 2009). Debris flows 

deposit detritus en-masse, whilst turbidity currents deposit through progressive 

aggradation (Haughton et al., 2009)(Figure 1.2).  

Density-flows are common events that occur in submarine basins, with a 

single flow event forming a variety of different types of flows as it travels further 

into the basin (Haughton et al., 2009; Talling et al., 2012). During one transport 

event, the flow can evolve spatially and temporarily, and its particle support 

mechanisms, rheology and flow state characteristics can transform at different 

stages (Talling et al., 2007; 2012; Haughton et al., 2009). Density-flows can be 

classified into low- and high-density currents based on their concentration of 
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sediment particles. Particle support mechanisms in a low-density turbidity 

current are controlled by turbulence, whereas high-density currents demonstrate 

an increase in grain-on-grain interactions (Kuenen & Migliorini, 1950; Lowe, 

1982; Stow, 1996; Cartigny et al., 2013). 

Classification schemes for these flow types, such as the original Bouma 

and Lowe sequences, have been greatly enhanced and refined in recent years 

with detailed outcrop observations and laboratory experiments contributing to a 

better understanding of the complex nature of these flows and their deposits 

(Cartigny et al., 2013; Haughton et al., 2009; Lowe, 1982; Sumner et al., 2009; 

Talling et al., 2012). In addition to this, with major advancements in marine 

technology, the direct observation and monitoring of turbidity currents in the 

field has provided new insights into sediment transport processes (Khripounoff 

et al., 2003; Xu et al., 2004; Hsu et al., 2008; Vangriesheim et al., 2009; Xu, 2010; 

Sumner & Paull, 2014).  
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Figure 1.2 Schematic representation of sediment-gravity flows 
Classification scheme for different flow types showing their associated 

deposits that represents a particular point in time in non-cohesive, cohesive 

and transitional flows. Idealised flow velocities are also displayed (modified 

from Haughton et al., 2009). 

 

  

 

 Understanding the nature of sediment-laden flows using an 

annular flume 

 

Advancements in our understanding of transport processes in the modern 

oceans and in ancient marine systems have been coupled with improvement of 

experiments in the laboratory. With limited direct observations of sediment-
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gravity flows on the modern seafloor, experiments play a crucial role in linking 

flow conditions with their associated deposits. In the geological record, cores and 

outcrop provide evidence of flow deposits in ancient marine settings. Assessment 

of grain-size trends and sedimentary structures in these deposits can provide 

detailed records of the processes that were operating near the base of the a 

turbidity current while detritus was settling out of the flow (Talling et al., 2012).  

Laboratory experiments using a counter-rotating annular flume have been 

used to understand a wide range of depositional dynamics towards the bed 

boundary of sediment-laden flows. Studies include evaluation of substrate 

erosion (Amos et al., 1992; Droppo et al., 2001; Neumeier et al., 2007; Droppo, 

2009), deposition of cohesive sediments (Lau & Krishnappan, 1994; Lau et al., 

2001), effects of deceleration rates on sedimentation and bedform development 

(Sumner et al., 2008, 2009), the formation of current ripples (Kuenen & Humbert, 

1969) and horizontal laminae in turbidite deposits (Kuenen, 1966a). The annular 

flume can create fully turbulent to laminar flow types with realistic particle sizes 

and concentrations; and in which flow velocity, duration and deceleration may 

also be modulated.  

 

 

 

1.5  Fossil Lagerstätten  

 

Sites of exceptional fossil preservation (Lagerstätten) provide insights into 

major events in the evolution of life on Earth (Conway Morris, 1992). Fossil 

Lagerstätten, specifically “Konservat-Lagerstätten” are sites of exceptionally 

preserved soft-bodied fossil biotas (Seilacher, 1970). These sites are significant as 

they provide evidence of a diversity of body fossils that provides a far more 
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complete record of biodiversity (Seilacher, 1970; Conway Morris & Whittington, 

1985; Brett & Seilacher, 1991).  

 However, interpreting these fossil assemblages requires understanding of 

the processes that allow this type of preservation to occur (Briggs, 1995; Briggs & 

McMahon, 2016). There is a critical time window for any living organism to 

become preserved in the fossil record; and this window may be particularly short 

for soft-bodied organisms. Thus, the fossil record is a limited representation of 

the history of life on Earth.  In addition to this, the preservation potential of 

organisms that possess hard-parts (e.g bone and teeth) is considerably higher 

than those that consist of only soft-tissues (annelid worms and sponges).  

Fossil Lagerstätten demonstrate crucial information of biological evolution, 

palaeocommunity structure and how life responded and diversified across major 

events through deep time (Conway Morris, 1992; Paterson et al., 2016; Muscente 

et al., 2017). Of such deposits, the Burgess Shale biota is one of the most 

significant. 

 

 The Burgess Shale Lagerstätte 

 

The Burgess Shale Lagerstätte is the case study used in both Chapters 3 

and 4 of this thesis. An overview of its history, locality and geological setting is 

provided in Chapter 3. This section provides a general overview of the 

importance of the Burgess Shale, its taphonomy and the debate surrounding the 

amount of transport these soft-bodied organisms underwent.  

The Burgess Shale Lagerstätte is a Middle-Cambrian (Series 3, Stage 5) 

fossil assemblage that preserves a high diversity of hard- and especially soft-

bodied marine organisms. It contains an exceptional taxonomic richness of soft-

bodied fossils, making up at least 86 % of the fauna (Conway Morris & 
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Whittington, 1979). The fauna is represented by over 120 genera that are 

predominantly monospecific. Twelve dominant taxonomic groups make up 

majority of the specimens (Figure 1.3), including arthropods, hemichordates, 

priapulids, sponges, polychaete annelids, molluscs, echinoderms and 

brachiopods (Conway Morris & Whittington, 1979; Conway Morris, 1989; Briggs, 

2001; Caron & Jackson, 2008). The fossils of these deposits appear as flattened 

thin films that are preserved as carbonaceous and clay mineral compressions 

with a lustrous light grey or dark black colouration, often containing 

extraordinary anatomical details.  

The significance of the Burgess Shale is undoubtably due to the quality of 

soft-tissue preservation but, in addition to this, there are further factors that 

contribute to its renown. Firstly, the biota is preserved at a timely point in the 

history of life on Earth. At 505 Ma, the Burgess Shale Lagerstätte records the 

result of the radiation of life in the early Phanerozoic, known more widely as the 

Cambrian Explosion. This has provided a more complete ”window” into 

biological life, enabling a better understanding of early animal evolution, its 

phylogenetic and taxonomic diversification, and patterns of morphological 

disparity following the Cambrian Explosion (Conway Morris, 1989; Wills et al., 

1994; Fortey et al., 1997; Budd & Jensen, 2000; Erwin et al., 2011). Due to the timely 

significance of the Lagerstätte, these soft-bodied fossils have risen to great 

ecological importance from the preservation of extremely detailed anatomical 

features (Whittington, 1971; Conway Morris & Whittington, 1979; Caron et al., 

2006; Daley & Budd, 2010). The ecological structure that exists in modern marine 

oceans stems from the ecological complexities we observe in the Burgess Shale 

fauna. In conjunction with the radiation of animal life in the early Phanerozoic, 

there was also an increase in new biological innovations at this time. Animal 

body plans, their feeding strategies and species interactions all evolved at this 

time and the Burgess Shale documents the early stages of these innovations 
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(Conway Morris, 1992; Briggs, 2015; Mángano & Buatois, 2016). In recent years, 

Cambrian communities such as the Burgess and Chenjiang Shale biotas have 

been used as single communities to create food-web datasets and have been 

compared to modern marine food-web structure (Dunne et al., 2008).  
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Figure 1.3 Reconstruction of some of the Burgess Shale biota. 
(a) Reconstruction represents some of the Burgess Shale biota where most 

organisms comprise of only soft-tissues. (b) bottom reconstruction is of the 

five species from the top depiction that have mineralised hard parts and 

would be the only taxa preserved under normal taphonomic conditions. All 

other Burgess Shale organisms would be lost to taphonomic bias. Sponges: 

(1) Vauxia; (2) Choia; and (3) Pirania. Brachiopod: (4) Nisusia. Polychaete 

worm: (5) Burgessochaeta. Priapulid worms: (6) Ottoia; and (7) Louisella. 

Trilobite: (8) Olenoides. Non-trilobite arthropods: (9) Sidneyia, (10) Leanchoillia 

(11) Marrella (12) Canadaspis, (13) Molaria, (14) Burgessia, (15) Yohoia, (16) 

Waptia, and (17) Aysheaia. Mollusc: (18) Scenella. Echinoderm: (19) 

Echmatocrinus. Chordate: (20) Pikaia. Miscellaneous (21) Hyolithes, (22) 

Opabinia, (23) Dinomischus, (24) Wiwaxia, and (25) Anomalocaris (Image from 

Conway Morris and Whittington, 1985).  
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 Taphonomy of the Burgess Shale 

 

The taphonomic processes that caused the retention of soft-tissues, 

enabling exceptional preservation of soft-bodied organisms at the Burgess Shale 

localities  are indisputably complex, and have been subject to extensive research 

(Butterfield, 1990, 1995; Allison & Briggs, 1993; Allison & Brett, 1995; Orr et al., 

1998; Petrovich, 2001; Powell, 2003; Gaines et al., 2005; Powell et al., 2006;  Caron 

& Jackson, 2006; Gostlin, 2006; Butterfield et al., 2007; Gabbott et al., 2008; Wilson 

& Butterfield, 2014; Anderson et al., 2018a). The debated pathways to Burgess 

Shale-type preservation and the degree of transport which these organisms may 

have undergone are discussed in this section.  

In the past century, fossil localities bearing similar preservation to the 

Burgess Shale fossils have been discovered worldwide (Allison & Briggs, 1993; 

Butterfield, 1995; Gaines et al., 2008; Van Roy et al., 2010; O’Brien et al., 2014; 

Muscente et al., 2017; Fu et al., 2019). Exceptionally preserved fossil assemblages 

that demonstrate Burgess Shale-type preservation are now recorded in over 50 

localities with an unusually high abundance of Lagerstätten in the lower and 

middle-Cambrian stages (Allison & Briggs, 1993; Gaines, 2014). The abundance 

of such deposits during the Cambrian is in part’ attributed to changes in global 

ocean chemistry and oxygen levels. Increased ocean alkalinity and enhanced 

chemical weathering of the continental crust at the at the time of sediment 

deposition along the continental margins allowed for the onset of 

biomineralisation (Tucker, 1992; Lowenstein et al., 2001; Peters & Gaines, 2012). 

The decrease in anoxia and the rise in  oxygen levels in the ocean also occurred 

in the early Cambrian, contributing to an increase in complex life (Sperling et al., 

2013; Chen et al., 2015).  
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The taphonomic pathway that led to Burgess Shale-type preservation has 

been highly disputed, and the suspected processes have been rigorously 

investigated. Perhaps the least disputed aspect of Burgess Shale-type 

preservation is the role of rapid entombment and burial of these organisms 

(Whittington, 1971; Conway Morris, 1986; Brett & Seilacher, 1991; Normark & 

Piper, 1991). The deposits of the Burgess Shale occur in event beds (also known 

as obrution deposits), and this has been recognized by many researchers based 

on evidence from the sedimentary deposits and orientations of the fossils (Piper, 

1972a, 1972b; Brett & Seilacher, 1991; Caron & Jackson, 2006; Gabbott et al., 2008; 

Gaines, 2011; Caron et al., 2014; O’Brien et al., 2014). Rapid burial of the 

organisms would have allowed the soft tissues to be protected from external 

factors such as decomposition from microbial activity.  

Anoxia has been also shown to be a necessity in the early stages of soft-

tissue preservation and this has been stated to be the main mechanism for 

Burgess Shale preservation (Conway Morris, 1986; Petrovich, 2001). However, 

many other studies have shown that decay of soft-tissue can occur even in the 

presence of anoxia, and although it is an important part of the taphonomic 

pathway, it cannot be the only pre-requisite preservational pathway for the 

Burgess Shale organisms (Allison, 1988; Butterfield, 1995; Powell, 2003).  

Low oxygen rather than anoxic conditions most likely existed at times in 

some Burgess Shale localities on the levels evidenced by trace fossils in the more 

recently discovered fossil localities like Stanley Glacier and in some older 

localities such as the Raymond Quarry (Allison & Brett, 1995; Fletcher & Collins, 

1998; Gaines et al., 2005; Gaines & Droser, 2010; Mángano, 2011; Minter et al., 

2012). However, no convincing evidence of trace fossils has been uncovered from 

the deposits of the Walcott Quarry (Gabbott et al., 2008) which remains the most 

important locality of the Burgess Shale. These factors demonstrate a particular 

set of processes at the Walcott Quarry at the time of sediment deposition. The 
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Burgess Shale deposits appear to represent several depositional environments 

(Municipal, 2004) within which there is limited knowledge of the flow processes 

that enabled such deposits to form.  

Sediment mineralogy plays an important role in the mineralisation 

process during the fossilisation of soft-tissues. As soft-tissues decay rapidly, 

replication of these tissues through the mineralisation process is an important 

component of exceptional preservation (Briggs, 2003; Purnell et al., 2018). 

Conversely, preservation of the organic remains of the Burgess Shale organisms 

has been thought by some researchers to have resulted from the preservation of 

primary carbonaceous compressions (Butterfield, 1990, 1995). This pathway to 

preservation was argued against by Orr et al. (1998) with their study 

demonstrating that the soft-tissues preserved in arthropod Marella fossils of the 

Burgess Shale comprising templated aluminosilicate minerals. Importantly, it 

was shown that these clay minerals varied among different anatomical features 

of the arthropod fossils (Orr et al., 1998). These findings suggested that 

preservation of the Burgess Shale animals was caused by early replacement of 

their soft-tissues with an aluminosilicate coating that protected them from 

external factors after burial (Orr et al., 1998). Further research at other fossil 

assemblages however, determined that aluminosilicification is more likely a 

product of metamorphism of mudstones and not the primary preservational 

pathway for the Burgess Shale (Powell et al., 2003; Butterfield et al., 2007; Page et 

al., 2008).  

Carbonate cementation is also thought to play a role in the complex nature 

of the Burgess Shale sediments. The precipitation of early carbonate cements onto 

bottom seafloors at the sediment-water interface of the Burgess Shale, is thought 

to have provided a protective seal to exclude external degradational factors such 

as microbial activity (Gaines et al., 2012, 2005; Municipal, 2004).  
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The hypotheses of Powell et al. (2006) and Johnston et al. (2009) that Brine 

seeps played a role in exceptional preservation of the Burgess Shale biota have 

been excluded based on the evidence of density flow deposits (Whittington, 

1971a, 1980; Piper, 1972a; Conway Morris, 1979; Allison & Brett, 1995; Fletcher & 

Collins, 1998; Gabbott et al., 2008). Although the deposits that encase the soft-

tissued organisms of the Burgess Shale are widely regarded to be the product of 

rapid burial from density flows (Piper, 1972a, 1972b; Brett & Seilacher, 1991; 

Caron & Jackson, 2006; Gabbott et al., 2008; Gaines, 2011; Caron et al., 2014; 

O’Brien et al., 2014), the type of flow regime that caused rapid entombment has 

been debated (Whittington, 1971a; Piper, 1972a; Conway Morris, 1979; Allison & 

Brett, 1995; Fletcher & Collins, 2003; Gabbott et al., 2008). More recent 

sedimentological analysis has shown that the sediments of the renowned Walcott 

Quarry, were most likely the products of mud-rich slurry flows (Gabbott et al., 

2008). How far the Burgess Shale organisms may have been transported has been 

interpreted to be less than five kilometres which was primarily based on the 

vicinity of the Cathedral platform (Conway Morris, 1979; Allison & Brett, 1995), 

despite the fact that experimental studies have provided evidence that freshly 

killed, soft-bodied organisms can withstand flows tens of kilometres with little 

damage to the carcass (Allison, 1986; Bath Enright et al., 2017). The following 

section discusses this argument in more detail. 

 

 Transport and deposition of the Burgess Shale biota 

 

At present, there are two competing hypotheses regarding the organisms 

entombed within the Burgess Shale deposits: (i) that they lived in a different 

environment and were transported some distance by a sediment-density flow to 
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where they are preserved, and (ii) that transport was minimal, and the organisms 

were living near to the environment of deposition.  

Early sedimentological investigations of the Walcott Quarry deposits 

interpreted the deposits at this locality to be turbidites, representing deposition 

by turbidity currents (Whittington, 1971a; Piper, 1972a; Fletcher & Collins, 1998). 

This led to the interpretation that either the animals were transported unspecified 

distances in turbulent clouds of sediment moving down slope after which the 

animals were ultimately deposited (Whittington, 1971a, 1980) or, that the animals 

were derived from intermediate water depths eroded away by the turbidity 

current (Conway Morris & Whittington, 1979; Conway Morris, 1986). Other 

workers have interpreted the deposits of the Walcott Quarry to represent high-

density mud-silt flows (Allison & Brett, 1995). This was used to interpret rapid 

or catastrophic burial of the biota (Piper, 1972a; Whittington, 1975; Conway 

Morris, 1986; Allison & Brett, 1995; Caron & Jackson, 2006). In contrast to this, 

there have been arguments that turbidity currents played no role in the 

deposition of the muddy sediments and fauna, and instead the Burgess Shale 

biota originated through settling after storm-generated back-currents that were 

swept into the marine basin (Gostlin & Miall, 2005; Gostlin, 2006).   

Taphonomic studies demonstrated there was a high degree of articulation 

of the Burgess Shale biota in the Greater Phyllopod Bed and thus it was 

interpreted that the organisms must have lived in their original habitat or close 

to their environment of deposition (Caron & Jackson, 2006). However, more 

recent re-assessment of the Greater Phyllopod Bed as representing the deposits 

of mud-rich slurry flows (Gabbott et al., 2008) suggests the possibility of a 

laminar flow regime. These arguments have implications for the soft-bodied 

organisms and our understanding of their palaeogeographic range and if they 

represent more than one marine community. The Phyllopod Bed within the 

Burgess Shale biota has been used to set the baseline in datasets reconstructing 
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community structure and ecological interactions at a critical window into the 

history of Cambrian marine communities (Dunne et al., 2008). Thus, 

understanding whether these organisms originated from one original 

environment, or were transported from different environments, is crucial 

towards understanding the true nature of this biota.  

 

1.6 Outline of thesis structure 

 

This thesis is presented in six chapters with four key chapters, of which 

three are produced as standalone sets of taphonomic experiments and one 

sedimentological chapter that comprises a detailed sedimentological analysis of 

the case study site (the Burgess Shale). Some content will overlap in these 

chapters in regards to the introduction and background to the Burgess Shale field 

site. Chapter 2 is published work and Chapter 4, including some sections of 

Chapter 3, has been submitted. This section highlights how each chapter delivers 

in developing our understanding of how biostratinomic processes affect the 

preservation potential of soft-bodied organisms and the rationale behind each 

chapter.  

In Chapter 2 turbulent sediment-density flows are investigated using the 

polychaete, Alitta virens. The assumption that turbulent transport causes major 

fragmentation to soft-bodied organisms is assessed. The identification of damage 

induced from transport is quantified through classifying states of overall damage 

in the polychaete. By controlling three key flow variables of transport duration, 

sediment concentration and particle angularity, this chapter aims to understand 

how these factors will affect preservation potential in Alitta virens.  

In Chapter 3 the sedimentological characteristics of three of the Burgess 

Shale localities is assessed. The classification of sediment-density flows has been 
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revised over recent years using both field observations and laboratory 

experiments. This means that the flow interpretations for Burgess Shale deposits, 

paying detailed attention to the Walcott Quarry, can be refined.  This chapter 

aims to undertake a multi-disciplinary approach with mm-scale logging, thin-

section analysis, X-Ray diffraction, elemental mapping of the sedimentary 

matrix, and analysis of trace fossil material of Burgess Shale deposits to gain a 

more holistic understanding of the nature of these sediments and flow processes 

responsible, and to assess how they compare with and contrast to one another. 

In Chapter 4, what are considered to be Burgess Shale-type flows are 

generated by combining the results from Chapter 3 of the Walcott Quarry 

deposits with a taphonomic experimental design. Alitta virens is used as an 

analogue organism for the Burgess Shale fossil polychaetes Burgessochaeta and 

Canadia and their states of degradation are compared. The knowledge of flow 

events that existed at the time of deposition of the Burgess Shale organisms leads 

this chapter to investigate the combined effects of two key variables, decay and 

transport; and, how these factors affect degradation of soft-bodied organisms 

from Burgess Shale-type flows. The results of these experiments aim to constrain 

the extent of transport that Burgess Shale organisms underwent and determine 

whether or not soft-bodied organisms could have been swept up into these 

seafloor flows and deposited along with the sediments. A classification scheme 

detailing the states of increasing degradation of the polychaete Alitta virens is 

used to quantify damage from the combination of transport and decay. The 

impacts of transport and decay are assessed on the extant polychaetes after being 

subjected to a Burgess Shale-type flow and compared to the extinct polychaetes 

from the Burgess Shale.  

In Chapter 5, the aim is to test the “doomed-pioneer” hypothesis of Föllmi 

and Grimm (1994). These experiments use live polychaetes to explore the 

survivorship potential, and behavioural patterns and biological capabilities of 
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Alitta virens after undergoing a long-distance, turbulent transport regime. After 

transporting the organisms, the polychaetes are exposed to different mesocosm 

treatments of varying oxygen and temperature to examine their survival, 

behavioural, and biological capabilities. This chapter aims to understand how 

polychaetes respond to transport into oxygen deficient environments. The 

unexpected return to normal oxygenated conditions in one treatment creates new 

observations of the response of polychaetes to oxygen recovery.  

Chapter 6 highlights the key results and findings from the questions asked 

in the previous chapters and addresses the principal aim (section 1.1.1). Future 

work proposals are also present
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 Palaeoecological 

implications of the preservation 

potential of soft-bodied organisms in 

sediment-density flows: Testing 

turbulent waters 
 

 

This chapter has been modified and reformatted from the following paper by the 

addition of all supplementary information into the main text: 

 

Bath Enright, O. G., Minter N. J. and Sumner, E. J., 2017, Palaeoecological 

implications of the preservation potential of soft-bodied organisms in sediment-

density flows: Testing turbulent waters: Royal Society Open Science, 4, 170212. 

 

O.G.B.E, N.J.M and E.J.S designed the experiments. O.G.B.E performed the 

experiments, analysed the data and drafted the manuscript.  N.J.M was involved 

with the analysis and revising and editing the article. E.J.S. assisted with the 

revising and editing the article. All authors gave final approval for publication. 

This paper benefited from constructive reviews by Rob Sansom and an 

anonymous reviewer. 
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2.1 Introduction 

 

The aim of this study is to address the first key question outlined in 

Chapter 1, (i) What are the effects of flow duration, sediment concentration and 

grain angularity from sandy and turbulent, sediment-density flows on states of 

bodily damage to soft-bodied organisms? The relevant previous work is 

discussed here. 

Sites of exceptional fossil preservation (Lagerstätten) provide insight into 

major events in the evolution of life on Earth (Conway Morris, 1992). However, 

interpreting these fossil assemblages requires understanding of the processes 

that allow this type of preservation to occur (Briggs, 1995; Briggs & McMahon, 

2016). There is a critical time window for any living organism to become 

preserved in the fossil record; and this window may be particularly short for soft-

bodied organisms. Experiments allow us to investigate the important processes 

that must take place during this critical time period in order for preservation of 

soft-bodied organisms to occur. Most previous research has focussed on the 

importance of post-depositional decay and the mechanisms of soft-tissue 

mineralisation (Allison, 1988; Kidwell & Baumiller, 1990; Briggs & Kear, 1993; 

Orr et al., 1998; Sansom, 2014; Wilson & Butterfield, 2014; Briggs & McMahon, 

2016; Naimark et al., 2016), rather than advancing understanding of the 

implications of transport and flow dynamics. Recognizing how far organisms 

may have been transported and whether all organisms are from the same location 

is fundamental to the study of palaeoecology. Despite this, the characteristics and 

sedimentological processes that lead to the formation of the deposits enclosing 

such exceptional fossils are often overlooked. A number of experiments have 

found that pre-transport decay is important for fragmentation and 

disarticulation, and that transport can cause little to no damage to biomineralised 
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elements (Chave, 1964; Behrensmeyer et al., 1979; Argast et al., 1987; Kidwell & 

Baumiller, 1990; Brand et al., 2003; Thompson et al., 2011; Chattopadhyay et al., 

2013; Gorzelak & Salamon, 2013; Sigwart et al., 2014). The vast majority of 

modern and ancient marine communities are largely soft-bodied (Jones, 1969; 

Schopf, 1978). However, comparatively few studies have concentrated on soft-

bodied organisms (Allison, 1986; Duncan et al., 2003). Pioneering work by Allison 

(1986) focussed primarily on variations in the amount of decay prior to transport, 

rather than the effects of flow parameters. Rotating rock tumbling barrels used 

in early experiments do not accurately replicate natural flow conditions (Nichols 

et al., 2000) and the particle support mechanisms within sediment-density flows. 

In addition, it is unrealistic in the natural environment for an organism 

continuously to make contact with a solid boundary (in this case the wall of the 

tumbler). A much better approach is to aim to replicate flow conditions more 

realistically, for example by using counter-rotating annular flume tanks (Kuenen, 

1966a, 1966b; Sumner et al., 2008, 2009). Annular flume experiments by  Duncan 

et al. (2003) investigated the effect of transport duration on cockroach 

preservation, but in a non-counter-rotating annular flume and did not investigate 

the effects of sediment concentration or angularity.  

Sediment-density flows, such as turbidity currents, are driven down slope 

by gravity acting on their excess density, due to their suspended sediment, 

relative to that of the ambient seawater (Talling et al., 2012). These flows can 

incorporate and transport organisms before they eventually slow down and 

deposit their material. Different types of sediment-density flows may have 

played a crucial role in the entombment of certain fossil Lagerstätten. These 

include: the Jehol biota (Jiang et al., 2014), which is famed for its feathered 

dinosaurs; Beecher’s Trilobite Bed and the Hunsrück Slate renowned for their 

exceptional preservation of arthropod limbs (Raiswell et al., 2008); the Qinjiang 

biota (Fu et al., 2019); and the Burgess Shale (Conway Morris, 1992), which 
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provides insights into the anatomy of soft-bodied organisms and evolution 

during the Cambrian explosion. In the case of the world-famous Burgess Shale it 

is contentious as to whether the deposits represent the products of dilute 

turbidity currents (Piper, 1972a) or mud-rich slurry flows (Gabbott et al., 2008); 

and if the organisms underwent minimal transport (Whittington, 1971a; Caron & 

Jackson, 2006) or were conveyed significant distances from a very different 

environmental setting (Conway Morris, 1979; Whittington, 1980). Experiments 

can be used to test these hypotheses by placing constraints on preservation 

potential through systematically investigating the effects of a number of flow 

parameters in different combinations. A counter-rotating annular flume was 

used to generate actualistic sediment-laden flows (Sumner et al., 2008, 2009) that 

were twice as fast as those of previous studies (Allison, 1986) and highly 

turbulent; therefore we anticipated them to be highly destructive towards soft-

bodied organisms. Through a series of systematic experiments, we tested the 

hypotheses that flow duration, sediment concentration, and grain angularity 

significantly affect the damage caused to the polychaete, Alitta virens.  

 

 

2.2 Methods 

 

In this study, a counter-rotating annular flume (Figure 2.1a) was used to 

generate high velocity (time-averaged mean flow velocity of 2 ms-1 through the 

depth of the main part of the flow, with maximum flow velocities recorded at 3 

ms-1; Figure 2.1b), fully turbulent (Re  5.34  108), and high-concentration (up to 

10 vol. %) flows that can be sustained for long durations (180 mins). Minimum 

and maximum flow values show the variation in flow velocity in such a turbulent 

flow regime whilst the mean shows the average flow conditions within the flume 
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(Figure 2.1) The flume tank can generate flows that range from laminar to fully 

turbulent flow regimes, thus replicating the conditions towards the base of 

sediment-density flows (Sumner et al., 2008, 2009). Using an annular flume 

provides a more accurate representation of how a sediment-density flow would 

transport organisms than previous studies. Rock tumblers, used in past research, 

do not accurately replicate turbulence or particle support mechanisms, and 

organisms also will continuously impact the walls. A counter-rotating annular 

flume tank provides a better technique for establishing the effects of realistic 

transport regimes on soft-bodied organisms and offers the ability to investigate 

systematically and test statistically the effects of flow processes on their 

preservation potential. With this method, data can be used to compare more 

accurately lab experiments with field observations. Annular flume tank 

experiments have comparable velocities and grain sizes to natural turbidity 

currents, the deposits are thus comparable to thin to medium-bedded turbidites 

(Sumner et al., 2008).



 

 

 

 

 

Figure 2.1 Sediment-density flow generation. 
(a) Schematic of the annular flume tank. The base and the paddles at the top of the tank counter-rotate to minimize secondary flow circulation. 

(b) Minimum, mean and maximum time-averaged velocity depth profiles for the flow. Minimum and maximum flow values show the 

variation in flow velocity in such a turbulent flow regime whilst the mean shows the average flow conditions within the flume. Time-averaged 

profiles were obtained by using an ultrasonic Doppler velocity profiler (UDVP) to measure the velocities for each depth point across 30 s times 

interval during steady-state flow.
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 Collection and euthanisation of animals 

 

The polychaete, Alitta virens, used in these experiments is abundant along 

the south-east coast of England and has been used as a model organism in 

previous taphonomic experiments (Allison, 1986; Briggs & Kear, 1993; Wilson & 

Butterfield, 2014). Live specimens were purchased from bait shops in Portsmouth 

and Southampton that had sourced their material from around the south-east 

coast of England. Experiments were conducted between January and March 2016 

and so there is unlikely to be any seasonal variation in the results. All specimens 

in this study were between 10–25 cm length to ensure that the organisms did not 

become entrapped around the paddles of the flume tank. Preliminary 

experimental work identified organisms longer than ~ 25 cm were affected by the 

paddles. Variation in the sizes of individuals was distributed randomly across 

the replicates and treatment conditions and so will not have introduced any 

systematic bias. 

Specimens were cultured in a Belfast sink in the aquaria facilities at the 

National Oceanography Centre Southampton. The sink was filled with locally 

collected sediment. Seawater was pumped into the tank at a steady rate which 

gave a constant supply of suspended nutrients.  

Numerous techniques have been used to euthanize specimens for decay 

and disarticulation studies. This includes freezing of echinoderms (Kidwell & 

Baumiller, 1990); exposure of the pharynx region of a polychaete to boiling water 

(which destroys the brain) (Briggs & Kear, 1993; Wilson & Butterfield, 2014); 

overdose of tricaine methanesulphonate (MS22) with chordates (Sansom et al., 

2010); asphyxiation by nitrogen gas with velvet worms (Murdock et al., 2014); 

and immersion of polychaetes in freshwater (which has the potential for osmotic 

cell rupture) (Wilson & Butterfield, 2014).  
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All specimens used in these experiments were euthanized by asphyxiation 

for sixty minutes in a solution of seawater and one dissolved CO2 tablet (SERA 

CO2 tab-plus). This was the best method found during experimental work by 

which polychaetes could be euthanized within a short time frame and without 

causing any bodily damage prior to the experimental procedure (Table 2.1). This 

technique caused a change in pH from an average of 8.04 to 5.1. Decay trials over 

a 30-day period in which specimens euthanised by the anoxia method adopted 

from Briggs and Kear (Briggs & Kear, 1993) were compared to those by the CO2 

asphyxiation, and showed that they went through the same stages of decay over 

the same time frame. Thus, these decay trials found support that the CO2 

treatment was not affecting decay rate. 
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Table 2.1 Summary of euthansia techniques tested on Alitta virens. 

 

 

 Flow conditions 

 

The flume is housed at the National Oceanograpghy Centre Southampton 

and comprises a ring-shaped channel (diameter 1.2 m) that is filled with 160 litres 

of sediment and artificial seawater (Seamix, Peacock Ltd)(Figure 2.2). Water 

temperature was monitored for each trial and had an average of 19.2 °C. A 

continuous sediment-laden flow was generated by rotating six paddles through 

the upper surface of the water column and secondary flow caused by rotation 

was minimised by counter-rotating the base of the flume (see discussion in 

Sumner et al. (2008). By minimising curvature–induced secondary-circulation, 

the flow structure is similar to that of a flow in a straight channel. An Ultrasonic 

Doppler Velocity Profiler (UDVP) was used to obtain a time-averaged velocity 

depth-profile for the turbulent flow (Figure 2.1b). The UDVP was oriented at an 

angle of 60 degrees from the vertical and 120 mm from the base of the flume tank. 

The time-averaged velocity depth-profile was acquired by measuring minimum, 
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maximum and mean velocities for each depth point across a 30 second time 

interval during steady-state flow (Error! Reference source not found.b). The R

eynolds number can be defined as follows: 

𝑅𝑒 =
𝜌𝑢𝑑

𝜇
 

where 𝜌 is the density of the suspension (Soulsby, 1997) defined as: 

𝜌𝑠 = 𝜌(1 × 𝐶) + 𝜌𝑠𝐶 

 𝑢 is the mean velocity, 𝑑 is depth of the flow and µe is the effective viscosity of 

the suspension. Effective viscosity can be defined as: 

𝜇𝑒 =
𝜇

1 − 2.5𝐶
 

where C is the concentration by volume and µ is the molecular viscosity 

(Soulsby, 1997). The Reynolds number was calculated for both 5% and 10% sandy 

suspension flows: at 5% concentration Re = 5.856  108 and at 10% concentration 

Re = 5.34  108 (Table 2.2). Velocity data were obtained using Met-Flow software 

and exported to Microsoft Excel where corrections for the angle of orientation of 

the UDVP were applied. 

In our experiments the suspension consisted of artificial sea water and one 

of two types of silica sand: rounded (comprising 75-150 µm and 150-250 µm 

Ballotini™ in equal proportions, Potters Ballotini, Figure 2.3a) and angular (125-

250 µm Silverbond®, Sibelco, Figure 2.3b). In a three-factorial design, 

experiments were conducted to test the influence of flow duration, grain 

angularity, and sediment concentration (independent variables) on the damage 

caused (dependent variable) to the polychaete, Alitta virens. 
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Figure 2.2 Photo of annular flume 
The counter-rotating annular flume housed at the National Oceanography 

Centre, Southampton, UK. 
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Concentration % 𝜌 (kg/m3) µ (N.s/m2) Re 

5 1098.0 1.4 x 10 -6 5.34 x 108 

10 1169.1 1.2 x 10 -6 5.856 x 108 

Table 2.2 Values of density and viscosity for 5 and 10 % 

concentrations. 

 

 

 

Figure 2.3 Sediment grain size distributions. 

(a) Rounded Ballontini™. (b) Angular Silverbond ®. Values from company 

data sheets.  
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 Experimental parameters 

 

2.2.3.1 Dependent variable: state of bodily damage 

Damage to Alitta virens during transport was quantified according to 

increasing states of bodily damage. This index provides an ordinal response 

variable for measuring damage after transport, from: State 1, externally pristine 

individuals; up to State 6, where the cuticle has ruptured into two or more parts 

(Figure 2.4). Blistering and rupturing have not been observed in decay 

experiments under static environmental conditions (Briggs & Kear, 1993) and so 

they may be interpreted as transport-induced effects.  

Previous work has adopted measuring the weight of specimens before and 

after the experimental procedure (Chave, 1964) or stating parts detached from 

the specimen after transport (Allison, 1986). This study adopted an index of states 

of bodily damage, similar in principle to the indices of disintegration for 

echinoids (Kidwell & Baumiller, 1990) and cockroaches (Duncan et al., 2003b). 

The index used here, for increasing states of bodily damage’ was developed from 

preliminary experiments on Alitta virens. The flume was stopped at intervals of 

2, 4 and 5 kilometres, up to three hours and the range of bodily damage on 

specimens was documented. The six states of increasing damage were 

characterised from this work. Ruptures occurring at blister sites and stretching 

of the overall body were all documented during these experiments. 

2.2.3.2 Independent variable 1: transport duration. 

Five conditions of 5, 22.5, 45, 90 and 180 minutes (continuous variable) 

were used to test the effect of flow duration on the state of bodily damage. It was 

anticipated that the amount of time an organism stays entrapped within a flow 

will most likely increase the amount of bodily damage it experiences.  

2.2.3.3 Independent variable 2: sediment concentration.  

Two conditions of 5 vol. % (19.6 kg) and 10 vol. % (39.2 kg) sediment 

concentration (continuous variable) were used to create: (i) a relatively low-
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density sediment-laden flow, in which the principal particle support mechanism 

is turbulence; and (ii) a high-density sediment-laden flow in which grain-grain 

interactions are important (Talling et al., 2012). It was anticipated that higher 

sediment concentration would result in greater proportions of grains impacting 

the organisms and therefore result in higher states of bodily damage.  

2.2.3.4 Independent variable 3: grain angularity.  

Two conditions of rounded and angular grains of sediment 

(discontinuous nominal variable) were used. It was anticipated that angular 

grains would cause greater bodily damage than rounded grains of sediment. 

2.2.3.5 Controls.  

Consisted of 0% sediment concentration (no sediment) within the annular 

flume tank. These experiments were used to separate the effects of concentration 

and grain angularity from flow duration. 
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Figure 2.4 Increasing states of overall bodily damage. 
State 1: Undamaged. Specimen shows no external damage. State 2: Swelling 

of the parapodia. State 3: Swelling and blistering. State 4: Severe swelling 

swelling and blistering along the cuticle. State 5: Rupturing along the trunk 

and cuticle. May show states 2-4 in addition. State 6: Fragmented. Cuticle has 

ruptured into two or more parts. May show states 2-5 in addition.  

 

 Experimental procedure 

All experiments used freshly euthanized specimens of the polychaete 

Alitta virens (n = 125). This was to provide a pre-determined time of death within 

the experimental procedure. In all experiments, mean flow velocity was at 2 ms-

1; producing a fully turbulent flow (Re  5.34  108). Specimens were 

photographed immediately after being euthanized to document their external 
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appearance and then were transferred into the annular flume tank. At the end of 

each experiment, the specimen was collected and removed from the tank by 

placing a beaker into the water and gently collecting the specimen from the 

channel. Each specimen was re-photographed and the state of damage assessed 

using the state of bodily damage index (Figure 2.4). Each treatment combination 

of transport duration, sediment concentration, and grain angularity was repeated 

five times, giving a total of 125 experiments. Replicates control for natural 

variation and permit statistical analysis. 

 

 Statistical analysis 

 

Statistical analyses were carried out in IBM SPSS 22.0 and in Mini-Tab 16. 

Non-parametric tests were chosen for this statistical analysis as the dependent 

variable data was collected as ranked values. Two-tailed testing was 

advantageous in this study as to not rule out the null hypothesis and not 

disregard the possibility of a relationship in the other direction. One- vs. two-

tailed tests only apply to analyses such as a t-test that use symmetrical 

distributions (Z and t), whereas analyses such as ANOVA use an asymmetrical F 

distribution and do not have a one or two tailed option. This also applies to 

analyses like the ordinal logistic regression where there is just a test for 

significance (no one- or two-tailed options). Here, overall significance was tested 

with an Ordinal Logistic Regression in which flow duration and sediment 

concentration were covariates and grain angularity was a factor whilst the 

controls with no sediment were the reference. As an overall statistical test was 

performed, corrections for multiple comparisons did not need to be applied. The 

level of significance was set to 0.05. Post-hoc tests (Kruskal-Wallis and Mann-

Whitney U-tests) were carried out to identify specific statistical significance 

within different combinations.   
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2.3 Results 

 

An ordinal logistic regression was used to provide overall tests of the 

hypotheses: that (i) increasing transport duration (continuous independent 

variable), (ii) increasing sediment concentration (continuous independent 

variable), and (iii) increasing grain angularity (discontinuous nominal 

independent variable) would all result in greater states of bodily damage (ordinal 

dependent variable) experienced by A. virens. Transport duration, and the 

presence of angular grains in comparison to the controls, had statistically 

significant effects on the state of bodily damage experienced by freshly 

euthanized Alitta virens (Ordinal Logistic Regression, flow duration, p < 0.001; 

angular grains, p = 0.046; Table 2.3); but neither sediment concentration nor the 

presence of rounded sediment in comparison to the controls had statistically 

significant effects. Both the Deviance and Pearson goodness-of-fit tests indicated 

that the model was not a good fit to the observed data (Deviance X2 (116) = 

155.946, N = 150, p = 0.008 and Pearson X2 (116) = 165.371, N = 150, p = 0.002). 

 

 Transport duration.  

 

In general, specimens experienced severe swelling and blistering (State 4) 

to fragmentation (State 6) after 90 minutes of transport; however, in certain 

treatment combinations, some specimens were undamaged (State 1) or 

experienced only swelling (State 2) even after 180 minutes of transport (figure 

2.3). For each combination of concentration and grain angularity, including 

controls with no sediment, Kruskal-Wallis tests demonstrated statistically 

significant effects of flow duration on state of bodily damage (Figure 2.5; Table 

2.3 and Figure 2.4), apart from in the combination of angular grains at 10% 
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sediment concentration (Kruskal Wallis test, p = 0.068; Table 2.3). This 

combination had the highest gradient of increasing damage with respect to 

transport duration. A median of severe swelling and blistering (State 4) occurred 

earlier than in other experiments, at just 22.5 minutes, and there was also an 

outlier of rupturing along the trunk (State 5) after 5 minutes (Figure 2.4). These 

observations could explain this non-significant result. 
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 Sediment concentration.  

 

Overall, sediment concentration did not have a significant effect upon 

damage state. However, when considering angular and rounded grains 

separately at each duration, there were significant effects of concentration with 

angular sediment at durations of 22.5 minutes (Kruskal-Wallis test, p = 0.026) and 

90 minutes (Kruskal-Wallis test, p = 0.018, Figure 2.5; Table 2.3). This suggests 

that there is an interaction between these two factors.  

 

 Grain angularity.  

 

The presence of rounded sediment has no significant effect upon damage 

state in comparison to the controls with no sediment. However, in comparison to 

controls, the presence of angular sediment causes statistically more damage to 

Alitta virens only in specific treatments: at 5% concentration at 90 minutes (Mann-

Whitney U-test, p = 0.0178) and 10% concentration at 22.5 minutes (Mann-

Whitney U-test, p = 0.0255; Figure 2.5; Table 2.3).  
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Figure 2.5 Boxplots showing states of damage in respect to flow 

duration. 
(a) Controls with no sediment (n = 25); (b) 5% concentration with rounded 

sediment (n = 25); (c) 10% concentration with rounded sediment (n = 25); (d) 

5% concentration with angular sediment (n = 25); and (e) 10% concentration 

with angular sediment (n = 25). 
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Statistical test p-value Sig 
Degrees of 

freedom 

 

Ordinal logistic regression 

 

0.000 *** 1 

Flow duration 0.000 *** 1 

Sediment concentration 0.646 NS - 

Angular sediment 0.046 * - 

Rounded sediment 0.947 NS - 

 

Kruskal-Wallis (comparison 

of concentration) 

 

 

 

 

 

 

 

90 mins rounded 0.153 NS 2 

90 mins angular 0.018 * 2 

180 mins rounded  0.388 NS 2 

180 mins angular 0.053 * 2 

 

Mann-Whitney (comparison of 

concentration) 

 

   

Angular 5 conc 5-0% 1.00 NS - 

Angular 5 conc 5-10% 0.317 NS - 

Angular 5 conc 10-0% 0.317 NS - 

    

Angular 22.5 conc 5-0% 0.268 NS - 

Angular 22.5 conc 5-10% 0.043 * - 

Angular 22.5 conc 10-0% 0.019 * - 

    

Angular 45 conc 5-0% 0.238 NS - 

Angular 45 conc 5-10% 0.827 NS - 

Angular 45 conc 10-0% 0.095 NS - 

    

Angular 90 conc 5-0% 0.013 * - 

Angular 90 conc 5-10% 0.166 NS - 

Angular 90 conc 10-0% 0.049 * - 

    

Angular 180 conc 5-0% 0.018 * - 

Angular 180 conc 5-10% 0.530 NS - 

Angular 180 conc 10-0% 0.584 NS - 
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Kruskal-Wallis (comparison 

of flow duration)  

 

   

5% conc, rounded 0.005 ** 4 

5% conc, angular 0.000 *** 4 

10% conc, rounded 0.011 * 4 

10% conc, angular 0.068 NS 4 

0% conc, controls 0.002 ** 4 

    

Mann-Whitney (comparison 

angularity to controls) 

   

    

Concentration 5 %    

180 mins  0.005 *** - 

90 mins  0.118 NS - 

45 mins 0.065 NS - 

22.5 mins 0.519 NS - 

5 mins 1.000 NS - 

    

Concentration 10 %    

180 mins 0.911 NS - 

90 mins 0.650 NS - 

45 mins 0.081 NS - 

22.5 mins 0.013 ** - 

5 mins 0.881 NS - 

Table 2.3 Summary of statistical tests and results. 
Results of statistical analysis. NS = non-significant, * p < 0.05, ** p < 0.01, *** 

p < 0.001. 
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2.4 Discussion 

 

The results in this study highlight the importance of variations in flow 

parameters on the durability and preservation potential of soft-bodied organisms 

in sediment-density flows. Support is found for the hypothesis that the longer 

Alitta virens remains within a turbulent flow, the greater the state of bodily 

damage it will experience. Flow duration is therefore an important factor on the 

degree of damage experienced by soft-bodied organisms in sediment-density 

flows and equally, in flows with no sediment (as shown by the control treatment). 

However, more importantly the results from this work demonstrate that even in 

fully turbulent sandy flows travelling at a mean velocity of 2 ms-1, Alitta virens is 

capable of remaining intact over the considerable distance of 21.6 km. In 

comparison to previous experiments (Allison, 1986), this is twice the distance that 

freshly euthanized Alitta virens were recorded as remaining intact; in addition 

the flows that were generated here were substantially faster and more turbulent 

and so would be expected to be more destructive towards soft-bodied organisms. 

Further to this, these experiments tested the effects of sediment concentration and 

grain angularity. The hypothesis that increasing grain angularity will result in 

rate of damage was supported by these experiments. Increasing sediment 

concentration, from a relatively low-density to high-density sediment-laden 

flows, had no overall statistically significant effect. As such, there is no overall 

support for the hypothesis that increasing sediment concentration, and a change 

in the predominant mechanism of particle support from turbulence to grain-

grain interactions, will result in lower preservation potential. Post-hoc tests, 

however, revealed that concentration is a significant factor with angular grains 

at set flow durations. This suggests an interaction between grain angularity and 

sediment concentration and showcases the profound effects that changes in 

combinations of physical properties of sediments can have on organism 
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preservation. It is evident that the polychaete, A. virens’ is capable of enduring 

prolonged transport, although grain angularity will contribute to increased 

damage and hence shorten the time and transport distance over which it can 

remain intact within a flow.  

These experiments only considered freshly euthanized specimens and 

focussed on the effects of flow parameters. Previous experiments focussed on 

decay prior to transport but did not modulate transport parameters. Decay prior 

to transport has been shown to play a significant role in the amount of transport 

an organism can endure before damage or disarticulation in previous studies 

with soft-bodied organisms (Allison, 1986; Duncan et al., 2003), as well as in 

organisms in which biomineralized elements are held together by non-

biomineralized tissue (Chattopadhyay et al., 2013; Chave, 1964; Gorzelak & 

Salamon, 2013; Kidwell & Baumiller, 1990; Sigwart et al., 2014). Decay evidently 

reduces the potential for soft-bodied organisms to remain intact during transport; 

however, the combined effects of pre-transport decay and transport by different 

flow regimes, ranging from laminar to turbulent are likely to be very important.  

A number of fossil Lagerstätten are preserved within the deposits of 

sediment-density flows. The effect of transport should be considered therefore in 

any palaeoecological reconstruction. Beecher’s Trilobite Bed of the Upper 

Ordovician and the Hunsrück Slate of the Lower Devonian have yielded an 

abundance of exceptionally preserved fossils (Bartels et al., 1998; Raiswell et al., 

2008). In both these deposits, fine-grained turbidites have played a crucial part in 

the taphonomic pathways leading to exceptional preservation (Cisne, 1973; 

Raiswell et al., 2008; Sutcliffe et al., 2002). One of the best-known fossil Lagerstätte 

in the world is the Burgess Shale biota. The exquisite fossil preservation has 

enabled insights into the anatomy of early soft-bodied organisms and their 

evolution during the Cambrian explosion (Conway Morris, 1992). The 

exceptional preservation of organisms within the deposits has been used to argue 



Chapter 2. Preservation potential of Alitta virens in sediment-density flows 

 

59 

 

that transport of these animals must have been minimal (Caron & Jackson, 2006; 

Whittington, 1971); whereas others have suggested that they are allochthonous 

and were conveyed from one environment to another (Conway Morris, 1979; 

Whittington, 1980). The deposits were originally interpreted as the products of 

dilute turbidity currents (Piper, 1972a) but more recently have been suggested to 

be from mud-rich slurry flows (Gabbott et al., 2008). The outcomes of these 

debates on the nature of the deposits and whether the organisms were 

transported or not are significant for the applicability of the Burgess Shale biota 

for understanding community structures, food webs, and ecosystem resilience 

during the Cambrian explosion. The results of this set of experiments 

demonstrate that if soft-bodied organisms, such as polychaetes were alive and 

then killed by a turbulent sandy flow, then they would have been capable of 

enduring prolonged transport with little damage. These experiments did not 

attempt to recreate flow conditions for the Burgess Shale, but rather an end-

member of a fast, turbulent, sandy flow. Nevertheless, this allows establishment 

of constraints for the distance that soft-bodied organisms may be transported by 

sediment-density flows and provides support for the hypothesis that the Burgess 

Shale organisms could have been transported significant distances to their site of 

ultimate burial. It therefore might be inappropriate to interpret these deposits as 

life assemblages without further understanding of the effects of flow conditions. 

 The annular flume tank offers a new approach in understanding how 

realistic flow types can alter the preservation potential of soft bodied organisms 

during transport. If Lagerstätten preserved in sediment-density deposits are to 

be interpreted as complete community assemblages, future research must begin 

to understand the true nature of the deposits they are entombed within and 

systematically investigate the durability of different types of soft-bodied 

organisms in appropriate flow replicate conditions.
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 Sedimentological 

analysis of the Burgess Shale deposits 
 

 

This chapter includes material that has been modified and reformatted from the 

following paper and its supplementary information:  

 

Bath Enright, O. G., Minter, N. J., Sumner, E. J., Mángano, M. G., and Buatois, L, 

A., 2018, Impacts of decay and transport on palaeocommunity fidelity of the 

Burgess Shale (under submission process). 

 

The paper was written by O.G.B.E. N.J.M was involved with the analysis and 

revising and editing the article. E.J.S, M.G.M and L.A.B assisted with the revising 

and editing the article. O.G.B.E, N.J.M, E.J.S, M.G.M and L.A.B conducted the 

fieldwork. O.G.B.E undertook XRD and SEM-EDS analyses and interpretation.  
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3.1 Introduction 

 

There is a fundamental debate regarding the extent of transport that the 

Burgess Shale biota has experienced, namely, whether these soft-bodied 

organisms were living within or close to the environment of deposition or, could 

they have been transported from one environment to another. In order to address 

this debate, the aim of this Chapter is to deal with the second key question 

outlined in Chapter 1 of this thesis: (ii) what are the sedimentological 

characteristics of the deposits of the Greater Phyllopod Bed, how do they vary to 

other sections of the Burgess Shale, and were flows responsible for sediment 

deposition? 

The deposits of the Walcott Quarry were traditionally interpreted as the 

product of dilute turbidity currents (Whittington, 1971a) (Figure 3.1, from 

Whittington 1980) where the animals may have been caught up in a turbulent 

cloud of sediment in suspension that was moved down-slope. Later, it was 

interpreted in more detail that the organisms were living in a pre-slide 

environment on a steep slope directly in front of the Cathedral Escarpment. Some 

organisms may have derived from above the carbonate platform from shallower 

water environments. Subsequently, the high biological activity and organic 

content led to slope instability, initiating a turbidity current that swept up 

organisms and transported them downslope, further into the open marine basin. 

The turbidity current slowed after a short distance parallel to the slope and 

adjacent to the carbonate platform where the suspension settled out and 

deposited the organisms (Piper, 1972a; Conway Morris, 1979, 1986; Whittington, 

1980). Conversely, analysis of the degree of disarticulation has been used to argue 

that transport of these animals was minimal (Caron & Jackson, 2006). Recent re-

assessment of the Phyllopod Bed of the Walcott Quarry Shale Member, has 
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interpreted it as representing the deposits of mud-rich slurry flows (Gabbott et 

al., 2008) and suggests the possibility of a laminar flow regime. This flow regime 

has implications for the soft-bodied organisms and our understanding of their 

palaeogeographic range. 

The principal aim of this aspect of the project therefore, was to investigate 

the sedimentological characteristics of the Burgess Shale, specifically the Greater 

Phyllopod Bed deposits and establish how they vary throughout other sections 

of the Burgess Shale providing a more comprehensive understanding on the 

nature of the sediments that entombed the Burgess Shale Lagerstätte and feed 

this information into the experimental design outlined in Chapter 4. 

 



 Chapter 3. Sedimentological analysis of the Burgess Shale 

 

64 

 

 

Figure 3.1 Traditional interpretation of the manner of deposition of 

the Burgess Shale fauna. 

Dilute turbidity currents pick up multiple organisms in a turbulent cloud of 

sediment and moves down-slope where the organisms are deposited at 

different orientations (reformatted from Whittington 1980). 

 

3.2 Geological and stratigraphic setting of the Burgess 

Shale 

 

 Localities 

 

Yoho and Kootenay National Parks lie in the southern belt of the Canadian 

Rocky Mountains. The deposits of the Middle Cambrian Burgess Shale are 

situated within these two parks, near the border of British Columbia and Alberta 
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(Figure 3.2). The Walcott Quarry, the best known fossil assemblage of the Burgess 

Shale Lagerstätte, was discovered by Charles Doolittle Walcott in 1909 during a 

late summer field expedition in the Rockies, when talus was discovered bearing 

soft-bodied fossils. In 1910, the following year, Walcott established the quarry on 

Fossil Ridge near to the town of Field (Figure 3.2). The shale was quarried 

between 1910-1917 with over 65,000 fossil specimens recovered by Walcott and 

his family during this time. It was subsequently named the Walcott Quarry. The 

Geological Survey of Canada and the Royal Ontario Museum, led by Desmond 

Collins, both expanded the quarry in more recent excavations from the mid 

1990’s to the early 2000’s. 

The Raymond Quarry was established after the discoveries by Walcott.  In 

1930, Parks Canada gave Percy Raymond permission to re-open Walcott’s quarry 

and further excavate for fossil material. It was during this period that Raymond 

focussed attention on the fossiliferous bed discovered by Walcott, 22 m above the 

original quarry and he excavated this unit extensively. This quarry was later 

named Raymond Quarry and’ like Walcott Quarry, it has been additionally 

excavated by the Geological Survey of Canada and the Royal Ontario Museum.  

Stanley Glacier and Marble Canyon are the only two known localities 

stratigraphically outside of the Burgess Shale Formation. Stanley Glacier is 

assessed for this study and is situated in Kootenay National Park (Figure 3.2).  

The Stanley Glacier site was discovered in 1988, 30 kms south of the original 

Burgess Shale localities. Fossil evidence found on talus on the slope below the 

fossil locality, led to the first expedition into Stanley Glacier by the ROM in 2008 

led by Jean-Bernard Caron. Subsequent excavations took place in the years to 

follow with new species and trace fossils discovered.  
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Figure 3.2  Map of study area and locations in Canada. 
Locations of the three quarries indicated by W (Walcott Quarry), R 

(Raymond Quarry) and S (Stanley Glacier) showing the British Columbia 

and Alberta border and the two main National Parks (re-drawn map from 

Mángano et al., 2011). 

 

 

 Stratigraphy 

 

The Burgess Shale Lagerstätten localities are situated in the Burgess Shale 

Formation (after Fletcher and Collins, 1998) originally known as the “thick” 

Stephen Formation after Aitken (1997) and newer localities in the “thin” Stephen 

Formation of British Columbia and Alberta (Figure 3.2 and Figure 3.3, Table 3.1). 

The “thick” Stephen Formation or, Burgess Shale Formation (known as the 

Burgess Shale Formation henceforth) comprises of a thick, basinal sequence (300 

m) of calcareous silt and mudstones that were deposited in an open marine basin 

that was adjacent to a steep carbonate platform. The sediments subsequently 

underwent regional low grade metamorphism to greenschist facies (Powell, 

2003). The Formation is Middle Cambrian, Series 3, Stage 5 (505 Mya) in age 

based on the Bathyuriscus-Elrathina Zone and is completely exposed at the type 
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locality, on the southern side of Mount Field (Figure 3.2). The Burgess Shale 

Formation crops out extensively along the Kicking Horse Valley in Yoho 

National Park (Fletcher & Collins, 1998; Powell, 2003). 

 

 

Figure 3.3 Composite of the stratigraphy of the Burgess Shale. 

(a) The Walcott Quarry Shale Member and the Raymond Quarry Shale 

Member form part of the Burgess Shale Formation. Other Members of the 

formation include GEL, ‘Great Eldonia Layer’; GML, ‘Great Marella Layer’; 

GB, ‘Ginger Bed’ and WLM, ‘Wash Limestone Member’. (b) In the thin 

Stephen Formation lies parasequences 1-6, in which, the calcareous 

claystones of parasequence 5 (27-30 metres) towards the top hosts the BST, 

‘Burgess Shale-type’ biota (from Gabbott et al., 2008 and Caron et al., 2010). 

 

 

The exceptionally preserved fossils of the Burgess Shale Formation lie at 

the basinal edge, of what was an extensive carbonate platform that formed a 

continental passive margin during the Middle-Cambrian on the western side of 

Laurentia (Figure 3.4). The carbonate platform forms the Cathedral Limestone 

Formation and is comprised of massive carbonates that occur alongside the basin 
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deposits of the Burgess Shale Formation. The Cathedral Escarpment is 

considered to have played an important role for most of the Burgess Shale fossil 

assemblages by providing a steep slope at the edge of the platform to aid 

transport and deposition of organisms (Conway Morris, 1986; Municipal, 2004; 

Gaines, 2011; Caron et al., 2014), but perhaps the most crucial aspect of the 

Cathedral Escarpment, is that it acted as a buttress against vertical compression 

during metamorphic events in the region; hence, helping to preserve the soft-

bodied fossils adjacent to the platform (Powell, 2003).  

 

 

Figure 3.4 Location of the Burgess Shale in the Middle-Cambrian. 

The Burgess Shale was located along the continental passive margin on the 

western edge of Laurentia during the middle-Cambrian (reformatted from 

Ron Blakey Palaeogeographic maps). 

 

The Burgess Shale Formation consists of ten members that are outlined in 

Table 3.1 (Fletcher & Collins, 1998). The fossil assemblages are preserved within 

the Walcott Quarry Shale Member and the Raymond Quarry Shale Member 

(Fletcher & Collins, 1998). The deposits of the Burgess Shale Formation used in 

this study are from these two members; however, the focus is largely on the 
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Greater Phyllopod Bed deposits (of the Walcott Quarry Shale Member). Detailed 

sedimentological studies have previously been undertaken in the Greater 

Phyllopod Bed, and thus permits comparison (Fletcher & Collins, 2003; Gabbott 

et al., 2008; Piper, 1972a).  

The thin Stephen Formation (Aitken, 1997) that outcrops at Stanley 

Glacier, in the northwest of Kootenay National Park has been correlated to the 

Wapta Member (after Aitken and Mcllreath 1990, see Table 3.1) of the Stephen 

Formation (Aitken, 1997) making these deposits the youngest studied in the field 

expedition. The Stanley Glacier deposits conformably lie over the Burgess Shale 

Formation and are hosted in the “thin” Stephen Formation. The deposits 

comprise six parasequences each of which represents a progradational 

succession (Caron et al., 2010; Gaines, 2011). Each sequence is interpreted to 

represent a distal ramp setting that was offshore, below storm-wave base but still 

within the photic zone (Caron et al., 2010; Gaines, 2011) . The soft-bodied fossils 

at Stanley Glacier are preserved towards the top of the formation within the 

calcareous claystones of parasequence 5 between 30 - 27 m above the base of the 

measured section (Caron et al., 2010; Gaines, 2011; Mángano, 2011). This is the 

only fossil assemblage of the Burgess Shale Lagerstätte that is not directly 

associated with the Cathedral Escarpment but instead, is believed to be a 

drowned carbonate platform in an adjacent basin (Gaines, 2011). Stanley Glacier 

is thought to represent a very different depositional and palaeoenvironmental 

setting (Caron et al., 2010; Gaines, 2011; Mángano, 2011; Municipal, 2004). Stanley 

Glacier’s fossil assemblage exhibits Burgess Shale-type preservation while over 

half the genera are also present at the type locality, making this location part of 

the Burgess Shale Lagerstätte (Caron et al., 2010). The deposits within 

parasequence 5 of the “thin” Stephen Formation are composed of calcareous 

claystones, where the Burgess Shale biota is preserved along with two types of 

trace-fossil assemblages (Mángano, 2011), the only locality to be associated with 
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abundant trace fossils. The trace fossils are characterised by two assemblages: 

trace-fossil assemblage 1 has been defined by a moderate ichnodiversity 

including the morphological groups of Cruziana, rosary-like burrows and radial 

structures; trace-fossil assemblage 2 has been defined by its much lower 

ichnodiversity and is primarily dominated by rosary-like structures (Mángano, 

2011).  

 

 

Table 3.1 Lithostratigraphic subdivisions of the Burgess Shale 

Formation. 
Subdivisions erected by Fletcher and Collins (1998), Fritz (1990) and Aitken 

and Mcllreath (1990) (re-drawn and edited from Fletcher and Collins 1998). 

*Thick Stephen Formation are basinal deposits.  
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Figure 3.5 The Walcott Quarry exposed at its type locality. 
(a) North-facing section of the quarry showing original floor excavated by 

Walcott, (white dashed line), the Greater Phyllopod Bed and the quarry’s 

relationship to the Cathedral Escarpment. (b) Typical exposed weathered 

bed units from the Greater Phyllopod Bed. (c) Panoramic image of the 

sampled bed units exposed at outcrop that were used extensively in this 

study. Numbers correspond to bed heights above the Wash Limestone 

Member.  
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3.3 Previous research on the role of sediments in Burgess 

Shale-type preservation 

 

 Clay mineralogy  

 

One of the most debated taphonomic factors regarding the conditions for 

soft-tissue preservation of the Burgess Shale organisms is the nature of the 

sediments and, how much of an impact these had towards inhibiting the rate of 

decay. Efforts have been concentrated on the aluminosilicate minerals and their 

involvement with preservation and fossilization of the soft-bodied organisms, 

post-burial. It has been argued that organic preservation was key at the Burgess 

Shale and occurred by way of clay minerals binding to the autolytic enzymes, 

which digest cells, therefore slowing down the rate of decay usually experienced 

in soft-tissued organisms (Butterfield, 1990, 1995). This has also been tested 

through experimentation with the aluminium-rich clay mineral, kaolinite’ using 

annelids, crustaceans and brachiopods (Wilson & Butterfield, 2014; Naimark et 

al., 2016; Naimark et al., 2016). These clay mineral studies found that polychaetes 

and crustaceans both had a higher fidelity when decayed and submersed in 

kaolinite clay (Wilson & Butterfield, 2014; Naimark et al., 2016; Naimark et al., 

2016). Further to this, other experiments have shown that clay minerals can also 

inhibit the growth of decay bacteria which would support a model of organic 

preservation for the Burgess Shale organisms (McMahon et al., 2016). Inorganic 

preservation, however, has been argued in other studies to be the key factor in 

the post-burial preservation process. This involves a chemical reaction between 

the reactive organic tissues and the surrounding sedimentary clays (Orr et al., 

1998). This disagreement regarding the nature of the sediments and their 

involvement with preserving the fossils at the Burgess Shale is difficult to resolve 
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due to the fact the sediments have undergone regional metamorphism to 

greenschist facies (Powell, 2003). This has caused both the primary and 

diagenetic clay minerals to transform into new phyllosilicates (Powell, 2003).  

Recent studies on clay mineral assemblages correlated with Burgess Shale-

type (BST) preservation demonstrated that BST deposits were most likely in 

sediments that were enriched in berthierine/chamosite that probably reflects an 

original mineralogical composition of a high kaolinite/smectite ratio (Anderson 

et al., 2018b).  Burgess Shale-type deposits were compared to  other Cambrian 

shales using X-Ray diffraction methods showing that a signature suite of clay 

minerals occurs in a strong correlation with Burgess Shale-type assemblages 

(including the Burgess Shale itself) bearing soft-bodied fossils (Anderson et al., 

2018b). At Stanley Glacier, past research has shown that the sediments of 

parasequence 5 that host the Burgess Shale fossil assemblage, have a dominant 

clay mineral phase of illite and chlorite (Gaines, 2011). Clay mineral analysis was 

undertaken in this study primarily to identify the key clay minerals that could be 

incorporated into the experimental design outlined in Chapter 4. Secondly, the 

analysis could be used to determine the mineralogical composition of the 

sediments from three localities to gain a better understanding of the bulk and 

clay mineral signatures and how these vary throughout the deposits of the 

Burgess Shale fossil assemblages thus, forming the basis of future research 

outlined in Chapter 6.  

 

 Elemental mapping 

 

Energy-Dispersive X-Ray Spectroscopy (EDS-elemental mapping) of non-

biomineralised fossils has become a well-established line of research to reveal 

individual anatomical features by observing the distribution of aluminosilicates 
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across a body fossil (Gaines et al., 2008; Orr et al., 1998; Page et al., 2008). 

Elemental mapping has been used in Burgess Shale-type preservational studies 

to argue that aluminosilicate coatings assisted in the conservation of organic 

tissues, and are the primary cause for the exceptional preservation of the Burgess 

Shale fauna and that authigenic mineralisation is not the fundamental cause for 

post-burial preservation (Gaines et al., 2008; Orr et al., 1998). In contrast to study 

of the fossils, the distribution of the elements across the laminated sediments of 

the Burgess Shale deposits has received little attention. This technique is used 

here to observe the relative distribution of elements within the laminated 

sediments and further characterise the deposits at a mm-scale from thin-section 

samples.  

 

 

3.4 Methods 

 

 Fieldwork and petrology 

 

The aims of the fieldwork were to establish the sedimentological 

characteristics of the Burgess Shale deposits and how they vary throughout the 

sequence. A field expedition was undertaken in August 2015 to identify meso-

scale sedimentary structures and collect whole rock samples from the Walcott 

Quarry, Raymond Quarry and Stanley Glacier localities of the Burgess Shale 

fossil assemblages. All sedimentological samples for this study were collected 

under the Parks Canada collection and research permit (YNP-2015-19297). 

Five individual beds from the Greater Phyllopod Bed were logged at 

outcrop from the heavily weathered surfaces, as these presented optimal 

sedimentological features (Figure 3.5c and 3.7 – 3.12). The beds were located at 
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111.6, 136, 149.95, 184.83 and 226.68 cm (labelled beds A to E respectively, figure 

3.7 – 3.10) above the Wash Limestone Member at the base of the quarry (Figure 

3.5c). The beds were selected after inspection of the entire Greater Phyllopod Bed 

and these beds were recognized as overall good representation of the 

sedimentological features observed throughout the unit.  The sedimentological 

characteristics of these deposits were used to design and construct the flow 

regime which was produced for the experiments outlined in Chapter 4.  The 

Greater Phyllopod Bed has been logged in considerable detail both in the field 

and through thin-sections (Fletcher & Collins, 1998; Gabbott et al., 2008) and so, 

logs produced from work here, could be used to compare with previous studies.  

At Raymond Quarry, four samples (two Ottoia in situ and two talus 

samples) were collected (Figure 3.6). At Stanley Glacier, three of the six 

parasequences were sampled in continuous sections including the calcareous 

claystone lithofacies of parasequence 5 (Figure 3.7), within which Burgess Shale 

fossils are hosted in a 3 metre thick interval (Caron et al., 2010; Gaines, 2011; 

Mángano, 2011). During the field expedition, lithology, in terms of composition, 

sedimentological features, grain size (using a grain-size comparator and hand-

lens) along with trace and body fossil content were all recorded at each site where 

the sedimentology was noted in detail.  Detailed logs were produced in the field 

only at the Walcott Quarry and basic sampling logs were produced for the three 

parasequences sampled at Stanley Glacier.  
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Figure 3.6 Raymond Quarry in relation to the Walcott Quarry. 
(a) A steep slope of talus separates the two quarries from one another with 

the Cathedral Escarpment observed along the edge of both quarry members 

of the Burgess Shale Formation. (b) Raymond Quarry Shale Member at the 

type locality and (c) the typical weathered bed units observed at outcrop.  

 

The primary objective of the fieldwork for this study was to collect 

sedimentological data that would allow interpretation of the processes 

responsible for the deposition of the beds of the Greater Phyllopod Bed. These 

parameters could then be incorporated into the experimental design and 

recreation of Burgess Shale-type flows. The permit for this fieldwork allowed for 

collection and sampling of sedimentological and trace fossil material exclusively. 

Larger-scale field mapping and analysis of sedimentary architecture were not 

undertaken and so this study is not attempting to answer questions on the 
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relationship of the Cathedral Escarpment to the fossil-bearing deposits or the 

precise provenance of the organisms. 

After the localities were logged in the field, the sedimentological samples 

were taken to the University of Portsmouth for further analysis and any trace 

fossil material collected was accessioned into the ROM (Royal Ontario Museum) 

collections. Each of the sedimentological samples was slabbed perpendicular to 

bedding with both polished and un-polished thin-sections produced from each 

of the samples. Using the polished thin-sections, petrographic analysis was 

performed using a Leica DM750P microscope to determine the lithology, grain 

size, key mineral components and micro-sedimentary features. Each thin-section 

was scanned with an Epson scanner at 1200 dpi to log the deposits in greater 

detail and observe the millimetre-scale structures and textures (Appendix B). 

Plain and cross-polarized light micrographs were taken of areas that contained 

descriptive features such as sub-millimetre scale laminations, medium-coarse 

size grains, sharp erosional boundaries and grain size trends from each thin-

section. These samples were subjected to further geochemical analyses. 
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Figure 3.7 The Stephen Formation at outcrop at Stanley Glacier 
(a) A view from the Stanley Glacier outcrop of the Stephen Formation 

exposure between the Cathedral Formation and the Eldon Formation. The 

Stephen Formation is 32.8 m in thickness (Gaines, 2011). (b) Stanley Glacier 

outcrop with exposed parasequences at the base of the Eldon Formation. 
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 X-Ray diffraction 

 

Determining the composition of mudstones using traditional petrological 

methods is difficult due to their fine-grained nature. X-Ray diffraction methods 

were employed to help characterise more accurately the bulk and clay mineral 

composition of the fossil-bearing deposits from the Burgess Shale. One sample 

from Walcott Quarry and Raymond Quarry were each taken, along with one 

sample from each parasequence sampled (3, 4 and 5) at Stanley Glacier. For 

whole rock bulk powder analysis, the samples were ground into a powder and 

X-Ray diffraction (XRD) was conducted using a PANalytical X’Pert3 

diffractometer for both bulk rock and clay mineral analysis. For the latter, clay 

fractions were applied to orientated glass slides. Organics were removed from 

each sample by H2O2 treatment before disaggregating the material using 

ultrasonic vibration. The suspended material was decanted from glass beakers in 

the ultrasonic bath into centrifuge bottles, which were topped up with deionized 

water so that each bottle weighed within the same gram. The bottles were placed 

in the centrifuge for two treatments, first at 1000 rpm-1 for 4 mins, and then again 

at 4000 rpm-1 for 20 minutes. After the first treatment the supernatant was 

transferred to new centrifuge bottles. The three lightest bottles were topped-up 

with deionised water in order to reach the weight of the heaviest. The resultant 

concentrated sample yield (< 2 µm clay) was used to conduct the clay analysis. 

Each sample slide was analysed on the XRD in three states: after (i) air-drying, 

(ii) glycol solvation, and (iii) heating to 550°C (Moore & Reynolds, 1997). The clay 

minerals were identified from their characteristic basal reflections (001) in each 

state shown on the combined X-ray clay fraction diagram (Figure 3.19 and Figure 

3.20 a-c). Both whole rock composition and clay-fraction samples were processed 
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and analysed at the School of Earth and Environmental Sciences, University of 

Portsmouth.  

 

 Elemental mapping 

 

Semi-quantitative Energy-Dispersive X-Ray Spectroscopy (EDS-elemental 

mapping) was also used to analyse the relative abundance and distribution of the 

elements within sediments of each of the Burgess Shale localities using a 

Scanning Electron Microscope (SEM). The samples were randomly selected from 

each locality (the same five samples used for X-Ray Diffraction methods). The 

thin-sections were carbon coated using an AGAR auto carbon coater before being 

placed into the SEM and analysed at a high voltage of 15 kV. The data was 

processed using Aztec Energy software. The samples were measured against 

"factory measured" standards and normalised to 100 assuming a linear response 

in intensity (kcps, kilo counts per second) relative to concentration (mass %). 

Elemental distributions were determined by production of X-ray maps at 

micrometre-scale resolution. A back scattered electron image of each thin-section 

was also produced from the SEM. As the data was only standardised to factory 

measured standards, elemental maps represent changes within samples 

themselves and cannot be compared to one another. Elemental maps were 

generated for Al, Ca, C, Fe, K, Mg, O, Si along with a back scattered electron 

image. 
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3.5 Results  

 

 Field data and petrology 

 

3.5.1.1 Walcott Quarry  

The typical sedimentary structures, lithology and grain sizes of the 

deposits observed in the Greater Phyllopod Bed of the Walcott Quarry Member 

of the Burgess Shale Formation are seen in Figure 3.8 to Figure 3.13. The five beds 

that were logged (Figure 3.5c and Figure 3.8– 3.13) at outcrop typically included 

four primary sedimentary structures: (i) planar parallel laminae (Figure 3.8a), (ii) 

wispy lenticular laminae (Figure 3.8b), (iii) sharp erosive boundaries (including 

scours) (Figure 3.8e) and (iv) “ball and flame” micro-structures (Figure 3.8d).  

Petrological analysis reveals that the main lithologies of the beds sampled 

from Walcott Quarry alternate between fine-grained mudstones and coarser 

mudstone with a higher proportion of silt size and fine-sand size quartz (Figure 

3.9 to Figure 3.13, see micrographs labelled part “d”). Fossil fragments are found 

throughout each of the units, along with lenses of pyrite framboids throughout. 

Floating coarse quartz grains vary between well-rounded to sub-angular (Figure 

3.9, Figure 3.10 and Figure 3.12 see micrographs labelled part “d” and at outcrop 

see Figure 3.8c). Mud clasts are common in all the beds and vary in size (200 µm 

– 600 µm, Figure 3.12d) and generally tend to be ellipsoidal in shape and are 

parallel to laminae.  Laminae are observed mostly as continuous planar parallel 

laminations (Figure 3.8a). Continuous, wavy parallel laminae and wispy, 

lenticular laminae were observed in some bed units (Figure 3.8b). Throughout 

the sequence, carbonate cement is well developed which obscures some primary 

lamination. In one of the thin-sections, soft-sediment deformation structures such 
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as micro “ball and flame” can be seen. One larger load cast is visible without a 

hand lens and lies near the base of one lamination (Figure 3.11).  

 

 

Figure 3.8 Outcrop photographs from the Walcott Quarry Shale 

Member of the Burgess Shale Formation. 
All scale bars represent 20 mm. (a) Planar parallel laminae across Bed A 

(111.6 cm) in the Greater Phyllopod Bed on the weathered surface. (b) Wispy, 

lenticular laminae in Bed C (149.95 cm). (c) Common coarse grain clusters as 

seen here in Bed C (149.95 cm) along with coarse quartz grains within an 

individual deposit. (d) Ball and flame primary structure observed at Bed E 

(226.68 cm). (e) Bed B (136 cm) showing continuous irregular, erosive 

scoured base. 
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Figure 3.9 Bed A exposed alongside graphic sedimentary log, thin-section scan and micrograph. 
(a) Bed A (111.6 cm above the top of the Wash Limestone Member) exposed at outcrop. (b) Graphic log of micro-sedimentary features in 

silt-mudstones including planar parallel laminae, erosive, scoured surfaces, fossil fragments (black grains) and coarse quartz grains. (c) 

Thin-section scan used to create part of log. White box indicates location of micrograph, white arrows indicate distinct scoured surfaces. (d) 

Micrograph in XPL showing coarse-grained quartz aligned to laminae and a large bioclasts with internal calcite grains. 
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Figure 3.10 Bed B exposed at outcrop alongside graphic sedimentary log, thin-section scan and micrograph 
(a) Bed B (136 cm above the top of the Wash Limestone Member) exposed at outcrop. (b) Graphic log of micro-sedimentary features in silt-

mudstones including indistinct planar parallel laminae, erosive, scoured surfaces and fossil fragments (black grains). A coarser layer with 

more abundant bioclastic material is observed towards the top of the bed. (c) Thin-section scan used to create part of log. White box indicates 

location of micrograph, white arrows indicate distinct scoured surfaces. (d) Micrograph in PPL showing coarse-grained quartz aligned to 

laminae within the silt-mudstones and larger bioclasts “floating” in the mud matrix. 
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Figure 3.11 Bed C exposed at outcrop alongside graphic sedimentary log, thin-section scan and micrograph 
(a) Bed C (149.95 cm above the top of the Wash Limestone Member) exposed at outcrop. (b) Graphic log of micro-sedimentary features in 

silt-mudstones including distinct wavy, parallel and lenticular laminae, erosive, scoured bases, bioclasts and clusters of coarser grains. (c) 

Thin-section scan used to create part of log. White box indicates location of micrograph, white dashed line indicates load structure, wavy 

laminae (white arrow) and scoured surface (top white arrow). The lenticular laminae are just as distinct in the thin-section as at outcrop. 

Larger bioclast can be seen in thin-section towards the top left parallel to the laminae. (d) Micrograph in XPL shows boundary between 

mud-rich load cast and silty-mudstone layer (arrow). 
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Figure 3.12 Bed D exposed at outcrop alongside graphic sedimentary log, thin-section scan and micrograph 
(a) Bed D (184.83 cm above the top of the Wash Limestone Member) exposed at outcrop. (b) Graphic log of micro-sedimentary features in 

silt-mudstones including distinct and indistinct planar parallel laminae showing erosive, scoured bases with load casts and bioclasts. (c) 

Thin-section scan used to create part of log. White box with dashed line indicates location of micrograph, white arrow with bottom dashed 

line indicates low-angle scoured base. Parallel laminae are distinct in the thin-section as well as the abundant mud clasts throughout and 

coarse-grained quartz. (d) Micrograph in PPL shows that the base of one lamination contains coarse-grained quartz alongside a large mud 

clast (white arrow). 
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Figure 3.13 Bed E exposed at outcrop alongside graphic sedimentary log, thin-section scan and micrograph 
(a) Bed E (226.68 cm above the top of the Wash Limestone Member) exposed at outcrop. (b) Graphic log of micro-sedimentary features in 

silt-mudstones including distinct and indistinct planar parallel laminae showing erosive, scoured bases, lenticular laminae and bioclasts. 

(c) Thin-section scan used to create part of log. White box indicates location of micrograph, white arrow indicates example of a scoured 

base at the micro-scale. (d) Micrograph in XPL shows some coarsening upwards with a gradual increase to silt-sized grains of quartz. White 

arrow indicates where one lamination changes into coarser material. 
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3.5.1.2 Raymond Quarry 

The typical sedimentary structures, lithology and grain size of the deposits 

studied at Raymond Quarry are seen in Figure 3.14. The quarry showed an 

overall, more blocky appearance and typically displayed finer grained beds with 

parallel laminae, well below millimetre scale. Shell beds and scoured surfaces, 

typically ~30 cm in length and 2-3 cm in depth (Figure 3.14) were also observed 

in some areas of the quarry. Very small fore-sets in a low amplitude bedform 

were observed in the field at the base of one bed (Figure 3.14a-b) and a starved 

ripple bedform was also observed (Figure 3.14c). The scours generally tended to 

be much larger compared to those observed at Walcott Quarry and were infilled 

with sand grade material (Figure 3.14c-e). Occasional trace fossils and clusters of 

disarticulated shell material were identified amongst the talus at this locality.  

The petrological analysis reveals that the sediments here are very similar 

to those of Walcott Quarry. Laminae alternate between fine-grained mudstones 

and siltstones, although there is little evidence of coarser, sand grade material in 

these sections studied compared to Walcott Quarry. Laminae are planar parallel 

or lenticular in nature with some exhibiting erosive bases (Appendix B). In one 

thin-section, individual laminae generally tend to be normally graded. Pyrite 

lenses were observed throughout the samples with a notable lack of fossil 

fragment material in these deposits. Other thin-section samples show much 

darker, mudstone’ planar parallel laminae and far less silt size material.   
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Figure 3.14 Outcrop photographs from the Raymond Quarry Shale 

Member of the Burgess Shale Formation. 
All scale bars represent 20 mm. (a) Planar parallel laminae that are cm with 

a low amplitude bedform. (b) Close-up image of the low amplitude bedform 

with a scoured base. (c) Starved ripple bedform outlined with white-dashed 

lines. (d) Typical bed deposits at the Raymond Quarry showing less 

definition than at Walcott Quarry. (e) Large, infilled scour along one bed at 

Raymond Quarry. The infill is of sand-grade and shelly material. 
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3.5.1.3 Stanley Glacier 

The typical deposits of one full cycle from the ‘thin’ Stephen Formation at 

Stanley Glacier are seen in Figure 3.15. The lithofacies of one coarsening-upwards 

parasequence can be described as calcareous claystones at the base that is 

overlain by nodular mudstones with a sharp, planar contact between these two 

lithofacies. At the top of the cycle are nodular wackestones and packstones. Past 

studies have not observed erosional features at the Stanley Glacier locality 

(Gaines, 2011); however, macro- and micro- scale erosional features were 

identified in this field expedition and during petrological analysis in some parts 

of the three parasequences assessed. It must be noted’ however, that these 

features were not as abundant when compared to the Walcott and Raymond 

quarries of the Burgess Shale Formation.  

In the calcareous claystone at the base of each cycle, laminae are sub mm 

in size. Planar and lenticular laminae could be observed in the field along with 

micro scours at the base of some laminations (Figure 3.15f) although some 

bedding surfaces were difficult to distinguish. Graded beds were observed in 

some parts of the unit along with a minute “ball and flame” structure but this 

was not confirmed, and it was unclear if this structure was primary or, 

diagenetic. The nodular mudstones that overlie the claystones are observed with 

a sharp, planar contact with an immediate appearance of elongate carbonate 

intraclasts (Figure 3.15c). The carbonate intraclasts are orientated primarily 

parallel to bedding, with some perpendicular, directly above the lithological 

contact (Figure 3.15c). Much of this unit appears thicker with a wavy, nodular 

texture throughout. The final unit in the cycle is a much thinner wackestone / 

packestone that comprises abundant bioclasts observed mainly from thin section. 

The cycle of these lithological units starts again in the following parasequence.  

Petrological analysis reveals planar parallel and lenticular laminae. Some 

horizons appear weakly to moderately bioturbated in thin section where the 
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lenticular laminae appear. Sharp bases to some laminae are evident; however, far 

fewer exist when compared to Walcott and Raymond samples. Silt-size quartz 

grains are observed in the matrix, but no larger grains of “floating” quartz were 

observed. Crenulation cleavage was very distinct in some thin-section samples 

from the Stephen Formation (Appendix B) 

Larger grains were observed parallel to laminae and sometimes “floating” 

within the fine grained claystones. Optically these grains exhibit high relief 

relative to the surrounding claystones and calcite cement matrix and appear in 

euhedral shapes with a black to a high blue birefringence colour. Some of these 

grains appear laminated internally and may be of bioclastic nature or chloritoid 

minerals (Appendix B). 

The trace and body fossils of Stanley Glacier were observed in a restricted 

interval of calcareous claystones that lie at the base of parasequence 5 (precisely 

between 27.1 and 30.2 m above the base of the “thin” Stephen Formation (Caron 

et al., 2010). Fossil material was predominantly observed as shelly fragments 

with trace fossil material exhibiting much higher preservational detail when 

compared to the Raymond Quarry Shale Member.   
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Figure 3.15 Outcrop photographs from the Stephen Formation at 

Stanley Glacier. 
(a) Calcareous claystones and nodular lime mudstones from parasequence 5 

showing the sharp contact between the two lithofacies. (b) Close-up image 

of the sharp contact between the calcareous claystones and the nodular lime 

mudstones in parasequence 5. (c) The nodular lime mudstones that lie 

sharply over the calcareous claystones showing elongate carbonate nodules 

(indicated by small white arrows) primarily parallel to the contact. (d) Planar 

parallel laminae that were sub-mm in size (e) Disturbed laminae and 

concretion towards the top of the photograph and lenticular laminae 

observed at parasequence 5. (f) Micro-scours observed at the base of a 

lamination in parasequence 5.  
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 Ichnology at Stanley Glacier 

 

In the claystones of parasequence 5 at Stanley Glacier, individual slabs 

collected showed a range of trace fossils (Figure 3.16) that was collected and 

accessioned into the ROM collections.  The trace fossils observed in the claystone 

slabs can be fitted into the groups and distinctive fossil assemblages described 

by Mángano (2011).   

The first group were small structures of Helminthoidichnites directly 

associated on the non-mineralised carapace of a Tuzoia and which could only be 

tracked inside the perimeter of the carapace (Figure 3.16a and c). The second 

group of biogenic structures confined to the calcareous claystone deposits were 

commonly seen amongst the talus and are recognized as two distinct trace-fossil 

assemblages. 
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Figure 3.16 Ichnofauna observed in Parasequence 5 at Stanley 

Glacier. 
(a) Tuzoia in lateral preservation containing simple trails attribute to 

Helminthoidchnites (He). (b) General view of ichnofauna attributed to trace-

fossil Assemblage I, showing moderate ichnodiversity, including rosary-like 

structures (Ro), Diplopodichnus (Di) and Cruziana (Cr). (c) A close-up of 

Tuzoia in image a, with two class sizes of Helminthoidchnites (He), marked 

with white arrows. (d) Simple trails attributed to Helminthoidchnites (He) in 

firm substrate. (e) A radial structure (Rs) in soft substrate. 

 

Within the frame of trace-fossil assemblage I, three morphological groups 

were identified: (i) rosary-like burrows (Figure 3.16b), (ii) radial structures 

(Figure 3.16e), and (iii) simple and bilobate trails (Figure 3.16b). The most 

abundant of these types were the rosary-like structures (Figure 3.17Figure 3.16). 

All trace fossils observed at Stanley Glacier were small with most structures  1-4 

mm wide. There was good preservation of the finer morphological details. 

Bilobate and simple trails cross-cut the rosary-like burrows and radial structures, 

which is consistent with findings by Mángano (2011). 
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Figure 3.17 Trace fossil Assemblage I. 
General view showing distribution traces across one bedding plane in firm 

substrate. Cruziana (Cr), Helminthoidchnites (He), rosary-like structures 

showing zig-zag, spiral and linear patterns (Ro). 

 

Trace-fossil assemblage II is characterised by monospecific and 

paucispecific assemblages. These included rosary-like structures of Hormosiroidea 

(Figure 3.18) that were often forming a zig-zag pattern tunnel (Figure 3.18b). The 

rosary-like structures also formed globular chambers with no axial tunnel and a 

simple linear rosary structure (Figure 3.18a). The paucispecific occurrence of 

rosary-like structures with the radial structure also makes up this trace-fossil 

assemblage. The zig-zag pattern was common among the assessed talus along 

with larger, globular chambers that lacked an axial tunnel (Figure 3.18) but, no 

paucispecific occurrences were observed on the surface areas examined during 

this field expedition.  
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Figure 3.18 Trace fossil Assemblage II. 
This assemblage is characterised by assemblages of rosary-like Hormosiroidea 

structures. (a) Globular rosary-like structure in which the chambers are 

regularly distributed along a linear path in soft-substrate. (b) Zig-zag rosary-

like structure with an irregular distance between each chamber in firm 

substrate. 

 

 Bulk and clay mineralogy 

 

Semi-quantitative bulk mineralogy was obtained from randomly selected 

samples at each Burgess Shale locality. 

 

3.5.3.1 Walcott Quarry  

Sediments comprise a dominant mineralogical composition of calcium 

carbonate (CaCO3, calcite) and silicon dioxide (SiO2, quartz) which is in 

agreement with results of previous studies carried out at the Walcott Quarry 

(Allison & Brett, 1995; Powell, 2003). The clay mineral assemblage was analysed 

to reveal dominant illite components. There are minor to no traces of chlorite and 

kaolinite. Quartz and feldspar appear in some quantity in the clay fraction 

diagram (Figure 3.19a).  

3.5.3.2 Raymond Quarry 

Sediments show a bulk mineralogy of silicon dioxide (quartz) and 

potassium aluminosilicate (muscovite-mica). The clay mineral analysis revealed 
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an assemblage of illite, chlorite and kaolinite. Quartz is also apparent in small 

quantities from the clay fraction diagram (Figure 3.19b).  

 

 

Figure 3.19 X-Ray diagrams of Walcott and Raymond quarries. 
(a) X-Ray diagram of Bed A (111.6 cm) from the Walcott Quarry.  Diagram 

showing the clay peaks of illite and kaolinite with the appearance of quartz 

and feldspar. Red: air-dried; blue: glycolated and green: heated. (b) X-Ray 

diagram from Raymond Quarry. Diagram showing the clay peaks of 

chlorite, illite and kaolinite with the appearance of quartz. Red: air-dried; 

blue: glycolated and green: heated.  
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3.5.3.3 Stanley Glacier  

In parasequence five of the “thin” Stephen Formation at Stanley Glacier 

(fossil-bearing deposits), the bulk mineralogy shows a sediment composition of 

silicon dioxide (quartz) and calcium carbonate (calcite). The clay mineral 

assemblage reveals the presence of chlorite, illite and kaolinite with observed 

quartz (Figure 3.20c). In the other two parasequences analysed (3 and 4), which 

are not part of the Burgess Shale fossil assemblage, the bulk mineralogy and clay 

mineral assemblages show very similar results to those of the fossil-bearing strata 

with a dominant bulk composition of silicon dioxide (quartz) and calcium 

carbonate (calcite) and a clay mineral assemblage of illite, chlorite and kaolinite  

(Figure 3.20d and e).   
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Figure 3.20 X-Ray diagrams of the three parasequences from Stanley 

Glacier. 
(a) X-Ray diagram of Parasequence 3 from Stanley Glacier. Diagram showing 

the clay peaks of chlorite, illite and kaolinite with the appearance of quartz. 

Red: air-dried; blue: glycolated and green: heated. (b) X-Ray diagram of 

Parasequence 4 from Stanley Glacier.  Diagram showing the clay peaks of 

chlorite, illite and kaolinite with the appearance of quartz. Red: air-dried; 

blue: glycolated and green: heated. (c) X-Ray diagram of Parasequence 5 

from Stanley Glacier.  Diagram showing the clay peaks of chlorite, illite and 

kaolinite with the appearance of quartz. Red: air-dried; blue: glycolated and 

green: heated. 

 

 

 Elemental composition 

 

3.5.4.1 Walcott Quarry  

Elemental mapping of the sediments reveals the Walcott Quarry of the 

Burgess Shale is defined by a strong enrichment in Ca, O and Si (see Appendix B 

EDS Spectrums).  There were smaller traces of Al and Fe with miniscule traces of 

Cu, Mg and K. Ca was dominant throughout most of the matrix except in one 

specific lamination that reveal elevated concentrations of Si, Al and K when 

compared to other laminae on inspection of the X-Ray images and the elemental 

graph (Figure 3.21).   

3.5.4.2 Raymond Quarry 

The sediment matrix of the Raymond Quarry reveals a strong enrichment 

of O, Si and Al. There were smaller traces of Fe, K and Ca with minor traces of 

Mg (Figure 3.22, see Appendix B). 

3.5.4.3 Stanley Glacier 

Parasequence 3 showed a strong enrichment of Ca, O and Si. There were 

smaller quantities of Al and Fe with minor traces of K, Mg and Na (Figure 3.23). 

Parasequence 4 demonstrated a strong enrichment of Al, O and Si. There were 
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smaller amounts of Ca, Fe and K with minor traces of Mg (Figure 3.24, see 

Appendix B).  

The sample taken from parasequence 5 (claystones hosting Burgess Shale 

fossils), has a strong enrichment of Ca, O and Si with smaller quantities of Al and 

Fe. Minor traces of K and Mg were detected in the sediment matrix (Figure 3.25). 

The Back Scattered Electron (BSE) images shows the areas indicated in each of 

the X-Ray maps (Figure 3.21 to Figure 3.25).  
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Figure 3.21 Elemental maps of Walcott Quarry. 
Elemental maps and Back Scattered Electron (BSE) image of matrix from Bed 

A (111.6 cm) from the Walcott Quarry. Each map displays the relative 

abundance of the element (labelled top left) in terms of brightness. The 

brighter the tone of colour, the more abundant that element is within the 

matrix (no X-Ray image obtained for O). 
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Figure 3.22 Elemental maps of Raymond Quarry. 
Elemental maps and Back Scattered Electron (BSE) image of the matrix from 

the Raymond Quarry with a strong enrichment of Si, Al and O. 
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Figure 3.23 Elemental maps of Parasequence 3, Stanley Glacier. 
Elemental maps and Back Scattered Electron (BSE) image of the matrix from 

Stanley Glacier, Parasequence 3 with a strong enrichment of O, Si and Ca. 

Lower amounts of Al and Fe with minor traces of K, Mg and Na (no X-Ray 

Image for Na). 
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Figure 3.24 Elemental maps of Parasequence 4, Stanley Glacier. 
Elemental maps and Back Scattered Electron (BSE) image of the matrix from 

Stanley Glacier, Parasequence 4 with a strong enrichment of O, Si and Al. Ca, 

Fe and K are in lower amounts with minor traces of Mg. 
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Figure 3.25 Elemental maps of Parasequence 5, Stanley Glacier. 
Elemental maps of the matrix from Stanley Glacier, Parasequence 5 with a 

strong enrichment of O, Si, Al and Ca (no BSE image obtained). 

 

3.6 Discussion 

 

 Flow processes in the Burgess Shale deposits 

 

The sediments that encompass the Burgess Shale fossil assemblages do not 

represent one type of sedimentary flow deposit but instead, reveal a range of flow 

processes. At the Burgess Shale-type locality, in the Walcott Quarry Shale 

Member, the sedimentary processes inferred from this analysis are similar to 
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those identified in other studies of the Greater Phyllopod Bed (Allison & Brett, 

1995; Fletcher & Collins, 1998; Gabbott et al., 2008). The deposits are characterised 

by a mud-silt matrix with the presence of planar parallel and lenticular wispy 

laminae. Scour marks are erosional structures and demonstrate turbulence 

towards the base of the flow at the time of deposition. Turbulent behaviour is 

also indicated by the rip-up mud clasts observed at outcrop and during 

petrological analysis. The mud clasts most likely derived from the underlying 

sediment and were subsequently incorporated into the overlying deposits. Ball 

and flame structures on the cm-scale indicate post-depositional soft sediment 

deformation, as these structures develop when the new sediment layer has been 

rapidly deposited (Figure 3.8d). Coarser “floating” grains, bioclasts and mud 

clasts throughout the deposits suggests a flow regime with sufficient fluid 

strength to carry these particles within the muddy mixture. The Greater 

Phyllopod Bed is interpreted here as the product of transitional cohesive flows; 

specifically, quasi laminar to upper transitional plug flows (Baas et al., 2009) that 

exhibit both turbulent and laminar characteristics and are capable of producing 

all of the features observed in the Burgess Shale deposits (see Chapter 4, Figure 

4.7).  

Walcott Quarry has been the subject of intense sedimentological research 

in the past (Fletcher & Collins, 1998; Gabbott et al., 2008; Piper, 1972a). Crucial to 

experiments and the degradation index in Chapter 4, the Walcott Quarry site 

additionally remains the only Burgess Shale location that hosts polychaete fossil 

remains apart from one specimen documented from the Raymond Quarry. Thus, 

a detailed investigation on the nature of the sediments was undertaken at this 

Burgess Shale locality. Importantly, sedimentary structures in these deposits 

operated as indicators of flow and sediment dynamics that were subsequently 

incorporated into the flow reconstruction used in the experiments outlined in 

Chapter 4.  
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It is evident that the deposits of the Raymond Quarry reveal minute 

differences compared to those of Walcott Quarry in terms of their sedimentology. 

Here, laminae are well defined and can be sub-mm in scale in many places. The 

“floating” coarser grains that were observed at Walcott were not observed in the 

beds of the Raymond Quarry. Bioclasts were abundant and evident in the 

deposits at outcrop. The bed units were roughly the same size (up to 10 cm thick) 

as at Walcott. The low angle cross-bedding, along with a starved ripple bedform 

observed at the base of one bed (Figure 3.14) suggests that there must have been 

localised high flow rates. Erosional structures were represented only by a large 

scour that had been infilled with sand-grade material; this also indicates periods 

of high turbulence at the time of deposition. These features suggest that the 

sediments of the Raymond Quarry were also deposited under flow events but 

with some subtle differences from Walcott.  

Previous studies have interpreted the extent of transport at Raymond was 

minimal due to the presence of trace fossils and the nature of brachiopod shell 

beds. The large size of these shells (~ 1 cm) and the absence of erosional structures 

below these beds has been used as evidence of the shells being deposited in-situ 

or after limited transport (Allison & Brett, 1995). Other studies have argued that 

the lack of carbonaceous setae on these brachiopod shells shows that these 

organisms were allochthonous (Conway Morris, 1986). Although these exact 

shell beds were not studied during this field expedition, there was clear evidence 

of transport in the Raymond Quarry deposits. The presence of the sedimentary 

structures discussed above, is evidence for sediment-density flows. Deposits 

comprising distinct parallel laminae and other deposits hosting low-angle cross-

bedding and erosional features of infilled scours (Figure 3.14), imply a 

predominantly more laminar slurry plug flow regime but with some flow events 

having a lower transitional plug flow enabling the creation of larger scours and 
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low-angle bedforms to be generated. The deposits of Raymond Quarry suggest 

an offshore setting below storm wave base.  

At Stanley Glacier, the physical processes involved with the entombment 

and preservation of the Burgess Shale biota are different again.  The presence of 

trace fossils within the claystone deposits (that host the body fossils) and the 

absence of any comparable escarpment noted in this study and in previous work 

in this area (Aitken, 1997; Gaines, 2011) suggests a different setting for these 

Burgess Shale deposits. No evidence of scours, grading or cross-bedding were 

observed at Stanley Glacier in previous work (Gaines, 2011). Conversely, this 

field expedition reveals sedimentary structures of planar parallel and lenticular 

wispy laminae and micro-scours. These sedimentological features suggest a 

sediment-density flow. The flow and sediment dynamics of the density-flow 

differ from that of Raymond and Walcott as interpreted by the lesser amount and 

smaller scale of micro-scours observed and the rare occurrence of grading and 

“floating” clasts. Interestingly, no slump deposits were observed which were 

observed as a common occurrence within the claystones (Gaines, 2011). A lower 

velocity and density in the flow would account for the dominant clay size matrix, 

limited and smaller size of the erosional features and absence of floating grains 

with rare bioclasts in the deposits. In the laminated calcareous claystones of 

parasequence 5, the flow regime at the time of deposition here, indicates a quasi-

laminar plug flow where there was weak turbulence towards the base near the 

seabed and a predominantly laminar plug flow. Interestingly, when the Stanley 

Glacier deposits have been compared to other Burgess-Shale type Lagerstätten 

from the Middle Cambrian, the Stanley Glacier site is far more similar than to 

other fossil deposits worldwide that are also hosted in mm-scale, laminated 

claystones (Rees, 1986; Municipal, 2004; Gaines et al., 2008; Brett et al., 2009; 

Halgedahl et al., 2009).   
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 Ichnology of Stanley Glacier 

 

The Stanley Glacier biota contains a low-diversity of soft-bodied material 

when compared to the Walcott and Raymond Quarries (Caron et al., 2010). In 

contrast, the presence of trace fossils reveals low to moderate ichnodiversities 

with a better indication of prevailing oxygen and substrate conditions at this 

locality. The shallow depth of the traces and burrows suggests that the oxic-

anoxic boundary was somewhere just below the sediment as outlined by 

Mangáno (2011). The substrate conditions posit a more complex problem. Most 

likely, the sediment conditions fluctuated between a soft-ground and firm-

ground as demonstrated by the sharpness of the burrow structures. The 

preservation of rosary structures with globular chambers observed in proximity 

to one another with no axial tunnel may represent substrate that was less stable 

and of a soft consistency. Preservation of well-defined rosary structures on the 

other hand, were observed with an axial tunnel and the preservation of the 

chambers were much sharper in definition suggesting that the substrate may 

have been firmer at this time.  

During times of firmer sediment, conditions were more ideal for the 

preservation of traces and burrows (Mángano, 2011) but perhaps, also more 

stable to preserve erosive structures from sediment-density flows such as scours. 

The more globular rosary-like burrow structures are thought to have been 

formed during periods of softer-sediment seafloor conditions (Mángano, 2011). 

There was no evidence of “ball and flame” structures in the softer sediment 

suggesting that flow events were not of a turbulent nature. Assessment of the 

claystone deposits suggests that the sediment at Stanley Glacier was deposited 

offshore, below the storm wave base, as no evidence indicates that any storms 

generated further upslope reached these deposits including the lack of 
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hummocky cross stratification as noted by Caron et al. (2010). One complete 

parasequence represents a shallowing upwards sequence determined by the 

increasing input of carbonates into the system. This provides evidence of a 

carbonate producing environment further upslope. 

 The data collection and analysis from the Raymond Quarry and Stanley 

Glacier deposits forms the basis of future experimental work that is outlined in 

Chapter 6. 

 

 Bulk and clay mineralogy 

 

The primary aim of this analysis was to identify an appropriate clay 

mineral to be integrated into the experimental design outlined in Chapter 4, and 

secondarily, to determine the mineralogical composition of the sediments from 

the three localities. The XRD bulk rock composition from the Burgess Shale 

samples show an average Lower Palaeozoic mudstone composition, where the 

most abundant mineral is quartz (SiO2) and demonstrates the other major 

minerals to be calcite, chlorite and muscovite. The deposits are dominated by 

illite and chlorite which conforms with previous studies (Allison & Brett, 1995; 

Powell, 2003). Interestingly, the Walcott Quarry sample possessed an illite rich 

clay mineral assemblage and no evidence of chlorite, although, this could be 

mixed in the first minor peak occurrence of kaolinite (Figure 3.19).   

The clay mineral composition observed in the Burgess Shale samples 

depends highly on the original detrital material and the degree to which the 

sediments have been metamorphosed.  Both Walcott and Raymond quarries have 

undergone greenschist facies metamorphism of medium amounts of heat (200-

300°) and pressure (200 MPa, ~10 km depth). Greenschist facies metamorphism 

most likely accounts for the near absence of kaolinite in the Walcott Quarry 
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sample. All samples demonstrated illite in the clay fraction diagrams (Figure 3.19 

and Figure 3.20a-e). The observed illite phases most likely represent illitisation 

that occurs during diagenesis, in which, detrital minerals, such as smectite and 

kaolinite can transform into illite due to increasing heat and pressure during 

burial (Chamley, 1989). Therefore, there are a few potential detrital clay minerals 

that may have been present upon burial of the organisms of the Burgess Shale. It 

was beyond the scope of this study to investigate the diagenetic history of the 

clay mineralogy at the Burgess Shale; however, this should be taken into account 

in further clay analysis.  

Recent statistical work has found a correlation between the presence of 

berthierine/chamosite (that forms during early diagenesis from kaolinite), and 

the likelihood of a sample containing Burgess Shale-type fossils (Anderson et al., 

2018a). Kaolinite has also been shown to be important in BST fossilisation 

experimentally (Wilson & Butterfield, 2014; Naimark et al., 2016; Naimark et al., 

2016; McMahon et al., 2016). With previous experimental and statistical work 

taken into account on clay minerals, kaolinite was chosen as an ideal clay mineral 

for the experiments of chapter 4.  

The feldspar peak observed in the Walcott Quarry clay fraction (Figure 

3.19a) is most likely a plagioclase feldspar which represents albite in the 

characteristic mineral assemblage of greenschist facies metamorphism 

(muscovite-chlorite-quartz-albite; Powell (2003). 

The parasequences in the “thin” Stephen Formation at Stanley Glacier, 

have also undergone low-grade metamorphism (Powell, 2003). All three 

parasequences sampled in this study demonstrate strikingly similar clay 

fractions. The clay fraction results of parasequence five are in agreement with 

previous studies. Bulk mineralogy confirms that the carbonate cements are 

composed of calcite and there is a dominant clay mineral phase of illite and 
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chlorite (Gaines, 2011). All three parasequences demonstrate strikingly similar 

clay fractions. Kaolinite is present in all three cycles sampled. 

 

 Elemental composition 

 

The elemental distribution at the Walcott Quarry and Stanley Glacier 

samples reveals that these localities individually indicate higher values in Si, O 

and Ca with lower values of Al and Fe (Figure 3.21, and Figure 3.23 to Figure 

3.25, see Appendix B). The Raymond Quarry exhibits a strong enrichment of Al 

(Figure 3.22). Elemental distributions in the Raymond Quarry sample reveal low 

traces of Ca (5 wt %). The Walcott Quarry sample demonstrates an elemental 

composition with a strong enrichment of Ca at 38 wt %. This suggests that 

Walcott and Stanley have a higher input of carbonate with Raymond showing a 

higher input of clay.  

One specific lamination (left side of the scanned thin-section image, Figure 

3.21) of the Walcott Quarry sample showed depleted Ca, and there were 

increased concentrations of Si, Al and K (Figure 3.21).  

All three samples from the Burgess Shale localities showed a low Fe 

content with Stanley Glacier and Raymond Quarry individually showing an 

above average K content. This suggests that the original sediments at these 

localities contained a high component of illite and minor amounts of smectite. 

Higher amounts of potassium in these shales are thought to be a product from 

authigenic K-feldspars. 

Interestingly, parasequence 3 and 4 also had a similar elemental 

distribution to parasequence 5 and Walcott Quarry, yet no Burgess Shale fossils 

have been discovered in these claystone deposits (Figure 3.23 and Figure 3.24). 
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This would suggest that the sediment hosting Burgess Shale fossils is not the only 

unique aspect to their preservational pathway.  
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 Impacts of transport and 

decay on the palaeocommunity 

fidelity of the Burgess Shale 
 

 

This chapter has been modified and reformatted from the following paper and 

its supplementary information. 

 

Bath Enright, O. G., Minter, N. J., Sumner, E. J., Mángano, M. G., and Buatois, L, 

A., 2018, Impacts of decay and transport on palaeocommunity fidelity of the 

Burgess Shale: (under submission process). 

 

The paper was written by O.G.B.E. N.J.M was involved with the analysis, 

revising and editing the article. E.J.S, M.G.M and L.A.B assisted with the revising 

and editing of the article. O.G.B.E, N.J.M and E.J.S designed the experiments. 

O.G.B.E. and N.J.M imaged fossil specimens. O.G.B.E performed the 

experiments, analysed the data and drafted the manuscript. 
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4.1 Introduction 

 

The aim of this Chapter is to address the third question outlined in 

Chapter 1, (iii) What are the impacts of decay and transport by on the 

palaeocommunity fidelity of the Burgess Shale biota? The relevant background 

to this Chapter is discussed here.  

The fossil record provides an archive of the diversity of life through time 

and has been used to identify times of diversification and extinction. Whilst it is 

known that this archive is incomplete from the small to the global scale, methods 

may be applied to global diversity curves to correct for variation in sampling 

intensity with geological age (Alroy et al., 2008). At the community (alpha) level, 

most individual fossil assemblages comprise organisms with biomineralised 

hard-parts; the exception being fossil Lagerstätten that, in addition, preserve soft-

tissues and soft-bodied organisms. It is predicted that 30% of modern marine 

megafauna (Schopf, 1978) and 80% of macrofaunal genera (Sperling, 2013) would 

leave no fossil record, whilst 86% of genera from the Burgess Shale would not 

have been preserved under normal circumstances (Conway Morris, 1986). This 

has led to Lagerstätten being viewed as faithful representations of in-life 

communities; and, significantly, they have been used to reconstruct Cambrian 

marine community structure (Conway Morris, 1986; Dornbos & Chen, 2008; 

Caron & Jackson, 2008) and food-webs (Dunne et al., 2008); and to posit 

similarities in ecological complexity with modern marine ecosystems (Dunne et 

al., 2008). Determining whether Lagerstätten record community structure with 

high fidelity or if they are biased representations is critical to our ability to 

describe palaeocommunities, study evolutionary patterns and processes in 

diversity, and compare ecosystem complexity through time. 
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Fossilisation of soft-tissue is rare because it requires unusual 

environmental conditions to occur within a short time frame after the death of an 

organism and this causes major biases in the fossil record. Experiments with 

analogue organisms have yielded a wealth of information in this area; revealing 

the effects of decay (Kidwell & Baumiller, 1990; Briggs & McMahon, 2016) and 

how it results in the alteration and loss of phylogenetically informative features 

(Sansom et al., 2010), as well as the processes by which soft-bodied organisms 

become mineralised (Briggs & McMahon, 2016). However, studies concerning 

the effect of transport on the preservation of organisms are limited and have 

tended not to consider analogue sediment transport experiments that may be 

used to test and constrain the effects of sedimentary processes on the fossil record 

(Allison, 1986; Kidwell & Baumiller, 1990). 

 

 Transport of the Burgess Shale biota 

 

The Middle Cambrian Burgess Shale Lagerstätte is one of the most 

important palaeontological discoveries of the last century. Soft-tissue 

preservation of the biota reveals a marked phase of diversification of body plans 

at this time and offers insights into the biodiversity of a Cambrian marine 

community. It is the archetype for exceptionally well-preserved carbonaceous 

compressions of soft-tissues in marine shales known as “Burgess Shale-type 

preservation”. This phenomenon has subsequently been described in over 40 

localities worldwide (Butterfield, 1995; Gaines et al., 2008; Van Roy et al., 2010) 

and provides a taphonomic window into the early evolution of life on Earth 

following the Cambrian explosion (Conway Morris, 1989; Butterfield, 1995; 

Gaines et al., 2008; Van Roy et al., 2010). 



Chapter 4. Impacts of transport and decay on the palaeocommunity fidelity of 

the Burgess Shale 

 

120 

 

There is debate regarding the extent of transport that the organisms of the 

Burgess Shale experienced. This has hinged on consideration of either the types 

of deposits and flows responsible (Piper, 1972a; Conway Morris, 1986), or the 

quality of preservation (Bambach et al., 2007; Dunne et al., 2008), but it is 

advocated here that these must be considered together. Originally, the deposits 

were argued to be the product of dilute turbidity currents (Piper, 1972a) and thus 

the organisms were transported and experienced rapid burial (Piper, 1972a; 

Conway Morris, 1986). Following this, taphonomic studies used the high level of 

articulation of some fossil groups to suggest that minimal or no transport of the 

organisms took place (Caron & Jackson, 2006). However, more recently, the 

deposits were re-interpreted to be mud-rich slurry flows (Gabbott et al., 2008). 

There are potentially profound implications for this kind of flow regime on the 

durability of soft-bodied organisms. This was investigated here by integrating 

analogue sedimentary process and taphonomic decay experiments. 

Examination of the Burgess Shale polychaete fossils, Burgessochaeta sp. and 

Canadia sp. at the Royal Ontario Museum (ROM), Canada, was also conducted to 

compile a degradation survey on the damage observed in the fossil material 

hosted in the sedimentary rocks from the Walcott Quarry samples (Figure 4.1). 
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Figure 4.1 3D reconstructions of Burgess Shale polychaetes 
(a) Burgessochaeta setigera, a burrowing bristle worm that had a pair of long 

tentacles and bears resemblance to modern polychaetes (image courtesy of 

Obsidian Soul). (b) Canadia spinosa, a swimming polychaete with long 

bristles (image courtesy of Phlesch bubble © Royal Ontario Museum).  

 

 

4.2 Methods 

 

 Fieldwork 

 

4.2.1.1 Limitations of the fieldwork 

The primary objective of the fieldwork was to collect sedimentological 

data that would allow interpretation of the processes responsible for the 

deposition of the beds of the Greater Phyllopod Bed. These parameters could 

then be incorporated into the experimental design and recreation of Burgess 

Shale-type flows. The permit for the fieldwork allowed for collection and 

sampling of sedimentological material exclusively. Larger-scale field mapping 

and analysis of sedimentary architecture were not undertaken and so this study 

is not attempting to answers questions on the relationship of the Cathedral 

Escarpment to the fossil-bearing deposits or the precise provenance of the 

organisms. 



Chapter 4. Impacts of transport and decay on the palaeocommunity fidelity of 

the Burgess Shale 

 

122 

 

 Assessment of fossil degradation 

 

Examination of the Burgess Shale polychaete fossils, Burgessochaeta sp. and 

Canadia sp. at the Royal Ontario Museum, Canada, was conducted to compile a 

degradation survey on the damage observed in the polychaete fossils. All 

specimens had been collected from the Greater Phyllopod Bed of the Walcott 

Quarry Shale Member which extends to the top of the Wash Limestone Member. 

The material was collected during Royal Ontario Museum field expeditions 

between 1993 and 2000. Details on the fossiliferous beds and polychaete 

specimens studied are provided in Appendix C. 

A total of 204 slabs containing 186 polychaete fossils (Canadia n = 43, 

Burgessochaeta n = 143) from units within the Greater Phyllopod Bed was 

systematically surveyed on their degree of preservation after Caron and Jackson 

(2006), and index of degradation (defined herein; Figure 4.3). The degree of 

preservation by Caron and Jackson (2006) grouped the polychaetes into two 

broad categories to describe their preservation.  Category 1 represented complete 

individuals and Category 2, included specimens that showed incompleteness 

including disassociation and disarticulation. Specimen length and any other 

notable features (coiled orientation, dissociated setae’ etc.) were also recorded. 

This was used to produce a quantitative ranking scheme, observing increased 

degradation states labelled 1 to 4, to assess the external appearance of the 

polychaete, after decay and transport had taken place. State 1 describes a 

complete polychaete with the entire body intact. State 2 describes damage 

primarily towards the mid-section and posterior. The damage is mostly tangled 

posterior remains caused by the combination of transport and decay and 

excretion of bodily fluids. The body remains intact as one segment. At state 3, the 

polychaete loses its finer features and the basic cuticle sac remains with the setae 
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and head. The body structure has deteriorated significantly. State 4 is described 

as the remains of loose setae and/or attached to minute segments of cuticle sac, 

or the jaw elements (scolecodonts) only are recovered (Figure 4.3). The 

preservation of jaw apparatus could allow for identification of the polychaete to 

genus level. 

Almost all specimens had slab counterparts and were counted only once. 

The fossil polychaetes Burgessochaeta and Canadia were chosen as they have been 

observed with comparative morphological stages of decay to Alitta virens (Briggs 

& Kear, 1993). All polychaete fossils were macro-imaged using an Olympus E4 

20 camera and specimens with any notable bodily damage, were examined using 

a Nikon SMZ1500 microscope with a HR Plan Apo 0.5X WD 136 Nikon lens 

(Figure 4.2). Images were taken with a cross polarised lens on macro-mode. 

Lighting was used at a high angle from the right-hand side of the specimen. All 

the images were taken at different orientations with respect to the light, to 

observe as many features as possible. Every specimen was imaged at least four 

times, two horizontal and two verticals. Pie charts were produced for each 

species to observe the frequency of degradation states in the fossil polychaetes. 

Only two specimens of polychaete are documented in the ROM collections from 

the Raymond Quarry. On inspection of these specimens, one was disregarded as 

a polychaete and the remaining specimen was incorporated into this study. 
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Figure 4.2 Polychaete morphological damage 

Notable morphological damage on Burgessochaeta and Canadia taken with a 

cross polarised light using a Nikon SMZ1500 microscope with HR Plan Apo 

0.5X WD 136 Nikon lens. (a) specimen of Canadia with unusual dissociation 

of setae (white arrow) from the posterior part of the body (ROM - 65324). (b) 

specimen of Burgessochaeta exhibiting disassociation of setae at the mid-

section (bottom white arrow) of the trunk and areas of no setae at all on the 

trunk of the body (top white arrow) (ROM - 65322). (c) specimen of 

Burgessochaeta setigera Sharp break in disassociated setae (white arrows, 

ROM - 952377). (d) specimen of Burgessochaeta with wide spacing between 

setae, trunk appears stretched (white arrow, ROM - 65323).  

 

 

 

 Collection and euthanasia of animals 

 

The extant polychaete Alitta virens was used for this study as it is readily 

available for experimentation and has been widely used in past taphonomic 

studies (Briggs & Kear, 1993; Caron & Jackson, 2006; Wilson & Butterfield, 2014) 
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to gain insights into static decay and preservation. These studies were used to 

rank the level of static decay (Briggs & Kear, 1993) the polychaete had 

experienced before entering the treatments in this study. Degradation features of 

Alitta virens like posterior damage, disassociated setae and how intact the overall 

organic remains were, could also be compared to the extinct polychaetes 

Burgessochaeta and Canadia from the Walcott Quarry. 

Specimens of Alitta virens were bought live from a local bait shop in 

Southampton which source their bait along the south-east coast of the UK. All 

were euthanized by exposure to anoxia for 60 minutes. Anoxic conditions were 

created by dissolving a SERA CO2 tablet in 200 ml of artificial seawater (Bath 

Enright et al., 2017). Pre-transport decay proceeded under oxic conditions to 

replicate an organism that had died in situ before being transported. Organisms 

were placed on a polyester mesh to help facilitate extraction (Sansom et al., 2010) 

and put into polyester containers with 200 ml of fresh artificial seawater. 

Containers were partially sealed to allow for slow oxygen diffusion (Briggs & 

Kear, 1993). The polychaetes were left to decay at room temperature (~ 20 °C, 0, 

24 and 48 hrs). The level of decay was assessed (Briggs & Kear, 1993) before the 

polychaete entered the annular flume for transport. 
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Figure 4.3 Increasing states of degradation. 

Polychaete Alitta virens (right) and the observed comparable states in the 

fossil polychaete, Burgessochaeta (left) from the Walcott Quarry of the Burgess 

Shale. (a) state 1: complete polychaete, entire body segment intact (ROM – 

64913). (b) state 2: damage towards the mid-section and posterior transforms 

into tangled remains caused by the combination of transport and decay. 

Body remains intact as one segment (ROM – 64916). (c) state 3: remains of 

the trunk and setae. The body structure has deteriorated significantly (ROM 

– 64914). (d) state 4: remains of loose setae are attached to minute segments 

of cuticle and jaw elements only are recovered (ROM – 64915). 
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 Experimental procedure 

 

4.2.4.1 Dependent variable: State of degradation 

To quantify damage to Alitta virens from pre-transport decay combined 

with transport an index of states of degradation was established (Figure 4.3). The 

index provides an ordinal dependent variable for measuring damage after the 

combined effects of pre-transport decay and transport, from: state 1, undamaged, 

whole body intact; state 2, damage towards the posterior; state 3, damaged body 

remains (would not be identified to species level); and state 4, only jaws and setae 

are recovered.  

4.2.4.2 Independent variable 1: Flow duration 

Three conditions of flow duration of 25, 225 and 900 minutes (continuous 

independent variable) were used to test the effect of transport on the states of 

degradation. It was hypothesised that the degradation to Alitta virens would 

become more rapid over greater flow durations.  

4.2.4.3 Independent variable 2: Pre-transport decay 

Three conditions of pre-transport decay, 0, 24 and 48 hours (continuous 

independent variable) were used to test the effect of increasing levels of decay on 

the states of degradation. It was hypothesised that the longer exposure times to 

decay would result in more rapid degradation of the polychaete.  

4.2.4.4 Controls 

For each treatment combination of pre-transport decay and transport, a 

set of controls was devised in which another polychaete was decayed for the 

same time but then placed in a polystyrene container that contained 11 % 

kaolinite mixed in artificial seawater to mimic the conditions within the annular 

flume. The polychaete remained static in the container for the equivalent flow 

duration as in the experimental treatment. 



Chapter 4. Impacts of transport and decay on the palaeocommunity fidelity of 

the Burgess Shale 

 

128 

 

4.2.4.5 Limitations of the experimental design 

In order to address the degradation of soft-bodied organisms from the 

combined effects of decay and transport, other desirable factors were considered 

but could not be generated in the laboratory conditions used for this study. 

Primarily, water temperature was contemplated during the design phases of this 

research. The counter-rotating annular flume tank is specifically designed to 

observe sediment-laden flows continuously along with the production of deposit 

type. It was not built with the capabilities to control water temperature; and as 

such, experiments were conducted at room temperature. All experiments were 

conducted under the same conditions and so any error will be systematic.  

 

 Flow generation 

 

Field observations in the Walcott Quarry (outlined in detail in Chapter 3) 

indicate that individual deposits typically comprise silt and clay with occasional 

‘floating’ quartz grains. Deposits locally have erosive, scoured bases and contain 

sedimentary structures, such as parallel lamination, indicative of tractional 

sediment transport (complete details are in Chapter Error! Reference source not 

found. Walcott Quarry 3.5.1.1).  

The flume channel (160 l) was filled with a mixture of 11% kaolinite clay 

(Imerys Polwhite-E china clay, density: 360 kg/m3) and artificial seawater (6.67 

kg of salt mixture that is mixed with 160 l tap water, Seamix, Peacock Ltd) (Bath 

Enright et al., 2017; Sumner et al., 2008). Characteristics of the deposits from the 

Burgess Shale suggest clay-rich flows transitional between turbulent and laminar 

that are consistent with the Upper Transitional Plug Flow (UTPF) and Quasi 

Laminar Plug Flow (QLPF) regimes of Baas et al. (2009) (also see section 3.5.1.1, 

Chapter 3). The requisite concentration of kaolinite and velocity needed to 
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reproduce these flows were calculated from Sumner et al. (2009). An ultrasonic 

doppler velocity profiler (UDVP) was used to obtain a time-averaged velocity 

depth-profile (MetFlow software and Microsoft excel) and confirms the flow 

velocity (0.4 ms-1) for our experiments (Figure 4.4).  
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 Statistical analysis 

 

Statistical analyses were carried out in IBM SPSS 23.0. A two-tailed test 

was used to test the hypotheses in this study. Although the hypotheses here, have 

a distinct direction, it was considered important to allow the possibility of the 

relationship of pre-transport decay and flow duration, to be tested in both 

directions so that no effect could be missed. One- vs. two-tailed tests only apply 

to analyses such as a t-test that use symmetrical distributions (Z and t), whereas 

analyses such as ANOVA use an asymmetrical F distribution and do not have a 

one or two tailed option. This also applies to analyses like the ordinal logistic 

regression where there is just a test for significance (no one- or two-tailed 

options). Overall significance was tested with an ordinal logistic regression in 

which flow duration and pre-transport decay were covariates while the controls 

that remained static during the duration of transport, were the reference. As an 

overall statistical test was performed, corrections for multiple comparisons did 

not need to be applied. The level of significance was set to 0.05. Post-hoc tests 

(Kruskal-Wallis and Mann-Whitney U-tests) were carried out to identify specific 

statistical significance across different combinations.  
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Figure 4.4 Sediment-density flow generation. 
Velocity profile showing minimum, mean and maximum time-averaged 

velocity depth profiles for the flow used in this study. Time averaged depth 

profiles were obtained using an Ultrasonic Velocity Doppler Profiler (UDVP) 

to measure the velocities for each depth point across a 30 s time interval 

during steady-state flow. 
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4.3 Results 

 

 Fieldwork 

 

The features observed at the Walcott Quarry indicate transitional cohesive 

flows; specifically, quasi laminar to upper transitional plug flows (Baas et al., 

2009) that exhibit both turbulent and laminar characteristics and are capable of 

producing all of the features observed in the Burgess Shale deposits (see Chapter 

3, 3.5.1).    

 

 Examination of fossil degradation 

 

Examination of Burgessochaeta (n=143) and Canadia (n=43) from the Walcott 

Quarry and one specimen from the Raymond Quarry of the Burgess Shale 

Formation reveals that they were mostly pristine and undamaged with an 

average state of degradation of state 1 (Figure 4.3, and Figure 4.4, and see 

Appendix C), and only limited specimens showing states 2 or 3 (Figure 4.3) with 

minimal damage or disarticulation. Pie-charts produced for each species reflect 

these results showing that 75% of all Burgessochaeta sp. were at state 1 of their 

degradation and 88% of all Canadia sp. were observed at state 1 (Figure 4.5) of 

their degradation. Only two specimens of polychaete are documented in the 

ROM collections from the Raymond Quarry. On inspection of these specimens, 

one was disregarded as a polychaete and the remaining specimen was 

incorporated into this study.  
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Figure 4.5 Pie charts summarising fossil degradation (state 1-4) in 

Burgessochaeta and Canadia. 

 

 

 Assessment of experimental decay  

 

Specimens that experienced decay prior to transport ranged between 

whole and shrivelled, to an unsupported gut and general flattening of the body 

(Briggs & Kear, 1993). Decay damage tended to occur towards the posterior and 

mid-section of the polychaete with fluid escape and flattening of the overall body. 

After transport, individuals were observed with their whole-bodies still intact or 

with damage towards their posterior (state 1 and 2, Figure 4.3a and b).  

  

 134Statistical results 

 

An ordinal logistic regression was run to determine the effect of increasing 

pre-transport decay and flow duration on the states of degradation of Alitta 

virens. Pre-transport decay has a significant effect on the state of degradation 

(ordinal logistic regression, p <0.001). However, transport duration within a 

quasi-laminar to upper-transitional plug flow regime did not affect overall 
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degradation (ordinal logistic regression, p = 0.065) (Figure 4.6). Both the Deviance 

and Pearson goodness-of-fit tests indicated that the model was a good fit to the 

observed data. (Deviance X2 (48) = 24.907, N = 90, p = 0.998 and Pearson X2 (48) = 

25.086, N = 90, p = 0.997). 

4.3.4.1 Pre-transport decay 

A post-hoc Kruskal-Wallis H test was conducted to determine if there 

were overall affects of the amount of pre-transport decay for each transported 

and non-transported (control) duration. Post-hoc Kruskal Wallis tests show that, 

for each combination of transported/non-transported and duration, the amount 

of pre-transport decay (0, 24 and 48 hrs) has a significant effect on the final state 

of degradation (Figure 4.6 and Table 4.1). 

4.3.4.2 Flow duration 

For each amount of pre-transport decay, Mann-Whitney comparisons 

between non-transported controls (n = 10) that underwent static decay for 

equivalent durations to those within each transport experiment (n = 10) reveals 

no significant difference in rate of degradation (i.e. at 24 hr pre-transport decay 

and 225 minutes flow duration).  There was no statistically significant difference 

in all cases (Figure 4.6 and Table 4.1). 
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Statistical test 

 

p-value Sig 
Degrees of 

freedom 

 

Ordinal logistic regression 

 

0.000 
 

* 

 

3 

Pre-transport decay 

Flow duration 

0.000 

0.065 

* 

NS 
 

 

Kruskal-Wallis (analysis of effects of pre-

transport decay) 

 

   

25 mins transported 

25 mins not-transported 

225 mins transported 

225 mins not-transported 

900 mins transported 

900 mins not-transported 

0.007 

0.001 

0.006 

0.004 

0.014 

0.022 

* 

* 

* 

* 

* 

* 

2 

2 

2 

2 

2 

2 

 

Mann-Whitney (comparison of 

transported and non-transported 

treatments) 

   

0 Hr decay    

25 mins T v 25 mins NT 

225 mins T v 225 mins NT 

900 mins T v 900 mins NT 

1.000 

1.000 

0.690 

NS 

NS 

NS 

- 

- 

- 

24 Hr decay    

25 mins T v 25 mins NT 

225 mins T v 225 mins NT 

900 mins v 900 mins NT  

0.151 

0.310 

0.421 

NS 

NS 

NS 

- 

- 

- 

48 Hr decay    

25 mins T v 25 mins NT 

225 mins T v 225 mins NT 

900 mins v 900 mins NT 

0.548 

0.421 

0.421 

NS 

NS 

NS 

- 

- 

- 

Table 4.1 Summary of statistical tests and results. 
Supplementary Table 1. Results of statistical analysis. NS = non-significant, 

* p <0.05, T = transported, NT = not-transported. 
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Figure 4.6 Box and whisker plots showing states of degradation in 

respect to flow duration. 
Green boxplots (left) are the non-transported group and blue (right) are the 

transported groups. Boxes show the median and interquartile values; 

whiskers show the minimum and maximum values with outliers indicated 

with ° symbol. (a) 0-hour pre-transport decay, n = 30; (b) 24-hour pre-

transport decay, n = 30; and (c), 48-hour pre-transport decay, n = 30.  

 

 

4.4 Discussion 

 

Examination of Burgessochaeta (n=143) and Canadia (n=43) from the Walcott 

Quarry of the Burgess Shale reveals that they were mostly pristine and 

undamaged with an average state of degradation of state 1 (Figure 4.3, Figure 4.5 

and Appendix C), and only limited specimens showing states 2 or 3 (Figure 4.3b-

c). This indicates no significant decay before entombment of their carcasses from 

sediment-laden flows. The soft-bodied fossils are typically found compressed at 

different heights and orientations within the deposit (Piper, 1972a; Whittington, 

1980; Allison & Brett, 1995) rather than occurring towards the base or the top. 

This suggests that they were transported and buried within a flow rather than 

just simply covered by one. Oxygenation state at Walcott Quarry is complicated 

(Gabbott et al., 2008) with geochemical data suggesting that an oxic-anoxic 
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boundary existed at the sediment-water interface (Powell et al., 2003). However, 

the virtual absence of bioturbation suggests predominantly anoxic conditions 

and further argues against this being the original habitat of the biota. At the end 

of the experiments, the flow remains as a soupy mixture of clay and water and it 

has been observed during this study, that living Alitta virens (n = 1) can survive 

and escape in a functional state from the flow. This indicates that other organisms 

could also have escaped from this type of flow and therefore that the organisms 

of the Burgess Shale were most likely dead at the time of burial and probably 

upon incorporation into a flow.  

The sedimentological processes that led to the preservation of the Burgess 

Shale biota have, in the past, been generally overlooked. The re-interpretation of 

the deposits from the Walcott Quarry in this study, combined with recreation of 

flow conditions and taphonomic experiments with an analogue organism sheds 

new light on the nature of this assemblage (Figure 4.7). The results here 

demonstrate that the organisms of the Burgess Shale could have been transported 

significant distances (up to at least 21.6 km). In contrast to turbulent flows that 

cause increasing damage with increasing transport duration (Bath Enright et al., 

2017), Burgess Shale conditions of quasi-laminar to upper-transitional plug flows 

cause only minimal damage to Alitta virens, even after they have undergone 

decay before transport. Intuitively, longer exposure times to pre-transport decay 

affect the overall quality of the fossil and this is consistent with other decay 

studies (Kidwell & Baumiller, 1990; Briggs & Kear, 1993; Allison & Briggs, 1993; 

Sansom et al., 2010). Based on the results shown here, in which organisms that 

decayed for a time, were unlikely to survive transport intact, and on the 

observation that polychaetes can also escape this type of flow when alive, this 

supports a model for the Burgess Shale where recently deceased animals could 

have been picked up and carried tens of kilometres by flows before being 
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deposited and entombed (Piper, 1972a; Conway Morris, 1979; Gabbott et al., 

2008) (Figure 4.7). 
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Figure 4.7 Summary of a Burgess Shale-type sediment-density flow 

and deposit. 
(a) Schematic representation of a Burgess-Shale type flow (quasi-laminar to 

upper transitional plug flow) in which the laminar plug extends towards the 

base of the flow and changes to a transitional plug regime. A turbulent cloud 

of sediment is suspended in the water column above the plug flow. The soft-

bodied organisms (labelled 1, 2 and 3) have been picked up along the flow 

path, potentially kilometres apart from one another; (b), Bed A (111.6 cm 

above the top of the Wash Limestone Member) from the Greater Phyllopod 

Bed of the Walcott Quarry Shale Member; (c) Graphic log of Bed A showing 

soft-bodied organisms (1, 2 and 3) from the flow reconstruction above (a) will 

become mixed in the deposit;  (d) Thin-section scan from Bed A showing 

parallel laminae, erosive, scoured bases and occasional “floating” quartz 

grains. White arrows indicate transitional cohesive flow deposits. 
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 Palaeocommunity fidelity of Lagerstätten hosted in flow 

deposits 

 

Lagerstätten are traditionally viewed as ‘windows’ into the fossil record 

and are used to reconstruct in-life communities. This is based on the assumption 

that they have a greater fidelity to a community than the normal fossil record due 

to the preservation of soft-bodied organisms rather than just those with hard 

parts. The Burgess Shale is key in characterising the Cambrian explosion. Such 

fossil assemblages have been used to reconstruct Cambrian marine community 

structure (Conway Morris, 1986; Dornbos & Chen, 2008; Caron & Jackson, 2008) 

and food-webs (Dunne et al., 2008); and to posit similarities in ecological 

complexity with modern marine ecosystems (Dunne et al., 2008). Beyond the 

Cambrian explosion, several Lagerstätten of different ages (Jiang et al., 2014; 

Raiswell et al., 2008) are preserved also within the deposits of sediment-laden 

flows (Fu et al., 2019; Raiswell et al., 2008). In such cases, this study challenges 

the traditional interpretation of Lagerstätten as in-life communities because there 

is the potential for several communities to be conflated together if preserved 

within sediment-laden flow deposits.  
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 Testing the doomed 

pioneer hypothesis 
 

 

5.1 Introduction 

 

The aim of this Chapter is to address the final key question outlined in 

Chapter 1, (iv) What are the implications of the survival of soft-bodied organisms 

from sediment-density flows? The relevant background to this Chapter is 

discussed here. 

 

 The doomed pioneer hypothesis 

 

Oxygen minimum zones are regions of the oceans that are oxygen limited. 

These zones occur where oxygen is consumed at a higher rate than the mixing or 

diffusion, from bottom or surface waters, can resupply. These zones have 

increased in recent years due to human activities (Middelburg & Levin, 2009; 

Rabalais et al., 2010; Ramirez-Llodra et al., 2011). The response by benthic 

organisms to oxygen availability is reflected in the trace fossil record with 

geochemical and ichnological data analyses used as an indicator for oxygen 

availability in the substrate and at the sediment-water interface (Levin et al., 1991; 

Wetzel, 1991; Savrda, 2007; Sperling et al., 2013; Sahoo et al., 2016).  

Undoubtedly, trace fossils provide an important tool independent from 

the body fossil record for environmental analysis. In addition, it is equally as 

important to consider the nature of the sediments, from a sedimentological point 



Chapter 5. Testing the Doomed Pioneer Hypothesis 

 

143 

 

of view, when assessing trace fossils for an ecological or environmental 

standpoint. Marine mudstones may also be influenced by physical processes 

such as turbidity currents, that can impact substrate oxygenation that has serious 

knock-on effects to the original benthic community as well as introducing 

allochthonous organisms (Miller III, 2011). Sediment-gravity flows such as 

turbidity currents, transport substantial quantities of sediment from shallow 

marine environments into the deep basin. Individual flow events can achieve 

run-out distances over 1500 km and are capable of moving fast (up to 19 m s -1), 

across seafloor gradients as low as 0.01° to 0.1° (Talling et al., 2012). 

However, very little is understood about the transport of living organisms 

within these flow deposits. The doomed pioneer hypothesis (see Figure 5.1) first 

postulated by Föllmi and Grimm (1990) demonstrates a scenario in which (i) 

crustaceans living in shallow, oxygenated environment may be swept up and 

caught in a turbulent flow and transported into an oxygen-depleted 

environment, (ii) these organisms survive transport and begin to generate traces 

and burrows in laminated, organic-rich sediment, in an environment that they 

are not endemic to, (iii) the persistence of the anoxic or extreme hypoxic 

environmental conditions limits the survival time of these new, opportunistic 

organisms, rendering them “doomed pioneers” (Föllmi & Grimm, 1990). 

Crucially, the pioneers survive for a long enough duration that they can establish 

themselves in the oxygen limited environment leaving traces of their activity 

behind.  
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Figure 5.1 Schematic representation of the Doomed Pioneer 

hypothesis 

(a) Shallow marine, oxygenated waters are disrupted by a gravity flow; (b) 

organisms are picked up and transported by the gravity flow; (c) arrival in 

an oxygen depleted environment with organic-rich sediments until dys-

aerobic conditions halt burrowing; and (d) burrow infill from sandy 

sediment brought in by the gravity flow. Deposition of laminated muds 

prevail once again. Schematic diagram re-drawn from Föllmi and Grimm 

(1990). 
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 Flow deposits containing trace fossils from opportunistic 

organisms 

 

Event deposits are formed by sediment that is deposited rapidly. They can 

be generated in a range of environments and include episodic sedimentation 

from seismic activity (Seilacher, 1969), flood deposits (Leithold, 1989), tempesites, 

or storm deposits (Aigner, 1985) and episodic sedimentation from turbidites 

(Seilacher, 1962). Each of these deposits is distinguished from others by the 

erosional, depositional and deformational structures that are generated from 

differing turbulence mechanisms (Seilacher, 1981). Turbidite deposits, that are 

created from sediment-gravity flows, are now well documented and the flows of 

such deposits are well characterised (Kuenen & Migliorini, 1950; Bouma, 1962; 

Kuenen, 1966b; Piper, 1972b; Normark & Piper, 1991; Talling et al., 2007, 2012; 

Haughton et al., 2009; Vangriesheim et al., 2009).  

In addition to this, trace fossils play an important role in recognising and 

interpreting recolonisation in the marine realm after flow events and how 

organisms living in flow-prone settings, respond to these events, thus providing 

evidence of ecological patterns before and after flow events (Pemberton et al., 

1997).  

Recolonisation patterns have been well documented in the Upper 

Cretaceous Cardium Formation, where the succession of fine-grained mud and 

siltstones contains a Cruziana ichnofacies. Interspersed in this succession, are 

sandstone deposits that demonstrate a different trace fossil assemblage. Here, a 

Skolithos ichnofacies is recognised in the sandstone deposits. This succession was 

initially interpreted as recording sea-level changes in the basin. However, re-

assessment of the deposits demonstrated that the succession recorded repeated 

influxes of organisms carried in through flows generated by storms; thus the 
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sandstone deposits actually represented tempesites (Pemberton & Frey, 1984; 

Vossler & Pemberton, 1988, 1989). The mixed assemblage that occurred after the 

storm events that generated the sandstone deposits showed the behavioural 

responses by the original community and the response from opportunistic 

organisms. Such deposits have since been recognised in 15 other successions in 

the Cretaceous and in many other units from the Ordovician to the Oligocene 

(Pemberton & Frey, 1984; Pemberton et al., 1997).  

Event deposits generated by gravity-flow events that include evidence of 

transported, opportunistic organisms, were recognised in the Oligo-Miocene 

deposits in the San Gregorio Formation in Mexico (Föllmi & Grimm, 1990; Grimm 

& Follmi, 1994). Here, the flow deposits demonstrate striking details of escape 

traces. The trace fossils that occur exclusively in the event beds of the San 

Gregorio Formation show 41 horizons with trace fossils of Thalassinoides and 

Gyrolithes that were interpreted to be made by decapod crustaceans that were 

transported into the environment through turbulent gravity-flows (Grimm & 

Follmi, 1994). These organisms were interpreted to have lived for only a few days 

before eventually succumbing to extreme hypoxic conditions. 

Since the term “doomed pioneer” has been introduced, there have been a 

number of studies describing similar findings, where marine, benthic organisms 

have been transported into different environments. The “doomed pioneer” 

hypothesis has been used as a possible scenario in some Lagerstätten occurrences 

including the Lower Cretaceous La Pedrera and La Cabrúa deposits at El Montsec 

in Spain (De Gibert et al., 2000). Here, it was postulated that the benthic 

crustaceans found in the anoxic bottom waters of the lake may have been 

introduced into the environment via turbidity currents.  

The recognition of prominent traces made by allochthonous organisms in 

laminated sequences associated with flow deposits permit better interpretation 

of oxygen levels and basin history (Föllmi & Grimm, 1990). Although event beds 
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are recorded in the geological record in a range of environmental conditions 

(Föllmi & Grimm, 1990; Grimm & Follmi, 1994; Pemberton & Frey, 1984; 

Pemberton et al., 1997; Vossler & Pemberton, 1988) and their importance for 

possible mixing of organisms from different environments has been considered 

(Wheatcroft, 1990), there is a lack of experimental evidence that organisms can 

survive and produce traces in foreign environments.  

 

 Experimental sediment modification by burrowing 

polychaetes 

 

Ecosystem engineering is the alteration of the environment by one 

organism in ways that affect other organisms within that habitat (Jones et al., 

1994). Burrowing polychaetes are crucial for ecosystem engineering both in the 

past, and in modern oceans. These organisms actively burrow into, and 

redistribute sediment particles, ventilate their burrow networks and can adapt to 

a wide range of environmental conditions, causing both positive and negative 

effects to marine communities (Kristensen, 1984; Miron et al., 1991; Gutiérrez & 

Jones, 2006; Volkenborn & Reise, 2006; Granberg et al., 2008; Herringshaw et al., 

2010). The combination of burrowing and irrigation in polychaetes (including 

Alitta virens) means that these organisms change their environment physically, 

chemically and biologically. Polychaetes extend the oxic sediment-water 

interface, altering the biogeochemistry of the sediment and can alter the rates of 

nitrification in the few millimetres of sediment next to their burrows (Kristensen, 

1984; Kristensen et al., 1991; Nielsen et al., 2004; Gutiérrez & Jones, 2006). 

Experimental studies using burrowing polychaetes, (including Alitta 

virens), have been utilised extensively to understand better the complex processes 

that occur from their bioturbation (Aller, 1982; Kristensen, 1984, 2001; Banta et 
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al., 1999; Biles et al., 2002; Volkenborn & Reise, 2006; Solan et al., 2008; 

Herringshaw et al., 2010; Dorgan et al., 2016). Modification of event beds by the 

polychaete Alitta virens has demonstrated that the worm is an important allogenic 

ecosystem engineer, as it significantly altered and modified the event beds in 

experimental mesocosms (Herringshaw et al., 2010). The polychaetes in the study 

of Herringshaw et al. (2010) were not transported nor was the environment 

oxygen limited. As event-beds directly caused by transport may redistribute 

organisms into oxygen-limited environments, further studies are required to 

understand the response to such conditions. 

 

 Aims of this study 

 

The aims of this research were to establish i) the mortality/survivorship 

potential of Alitta virens after undergoing 180 minutes of transport at an average 

2 ms-1 over an equivalent distance of 21.6 km (see Figure 2.1 for velocity depth 

profile); ii) the difference in burrowing rates of Alitta virens, from those that had 

been transported and those that had not; and iii) the adaptation of Alitta virens to 

environmental changes in temperature and oxygen conditions after significant 

transport. Through a series of systematic experiments, two hypotheses were 

tested: i) that the polychaete Alitta virens is capable of enduring turbulent 

transport and ii) can survive up to 5 days of low temperature and hypoxia 

without severely limiting its biological capabilities. The number of days was 

based on previous research using crustacea, in which the shrimps were capable 

of surviving in anoxic conditions lasting up to 5-7 days (Thompson & Pritchard, 

1969).  

The combined effects of oxygen and temperature limited conditions have 

yet to be truly understood on the behaviour of organisms that find themselves in 
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an unfamiliar environment that they are not acclimatised or adapted too. 

Investigating how pioneering species adapt, or not, to allochthonous 

environments has important implications for modern-day ecosystems with 

colonisation of new species in increasing hypoxic and polluted oceans (Giere et 

al., 1999; Leppäkoski et al., 2002; Lim et al., 2006; Granberg et al., 2008; Norkko et 

al., 2012; Riedel et al., 2014; Fadhullah & Syakir, 2016; Miranda et al., 2016; 

Sandman et al., 2018), as well as the use of in situ trace fossils in 

palaeoenvironmental reconstructions. 

 

 

5.2 Methods 

 

 Sediment and animal collection 

 

Specimens of Alitta virens (10-20 cm long) were bought from a bait shop at 

Southampton, where they had been collected along the south-east coast of the 

UK, a few days before the experimental procedure. The polychaetes were 

transferred to the aquarium facilities at the National Oceanography Centre, 

Southampton where they were kept in a Belfast sink outside with a continuous 

supply of flowing seawater supplied from the Solent in Southampton with 

ambient temperature and oxygen conditions.  

The muddy sediment used in the aquarium facilities and in the 

mesocosms was collected by hand at a mudflat at low tide in south-east of 

Portsmouth. The mud was sieved (2000µm sieve), to remove any macrofauna 

and shell debris in the muddy sediment.  
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 Experimental set-up and design 

 

In a two factorial design, experiments were designed to test the influence 

of transport and post-transport exposure to different temperatures and oxygen 

levels on the survival rates, and burrowing behaviours and capabilities of the 

soft-bodied organism, Alitta virens. The annular flume can generate fully 

turbulent flow regimes (Sumner et al., 2008; 2009) that can last from a duration 

of minutes to hours. The base of the flume counter-rotates to the paddles on the 

top allowing a continuous straight flow to be produced (see Chapter 2, section 

2.2.2 for details). The flume was filled with 160 l of artificial seawater (salinity 35 

ppt, pH 8.2) and kept at room temperature (average 17.7C°). Sediment was not 

used in these experiments as it has been shown in previous studies (outlined in 

Chapter 2), that sediment concentration has no effect on the freshly killed 

polychaete, Alitta virens during this kind of turbulent transport (Bath Enright et 

al., 2017).  

The control group, the non-transported polychaetes, were kept in 

polystyrene containers containing artificial seawater for the same duration (180 

minutes) as the transported group before entering the mesocosms. The 

transported polychaetes were in the flume for the same duration (180 minutes) 

before entering the mesocosms. All polychaetes were immersed in their 

experimental mesocosm directly after transport/no-transport in order to replicate 

similar conditions from rapid emplacement from a turbulent, fast density-flow. 

Three of four post-transport treatments designed in this study were tested (n = 

72), (i) low-temperature and hypoxia (n = 32 5.5 - 6.5°C + 0.5 - 1.5  mg O2/l), (ii) 

low temperature and ambient oxygen (n = 20, 5.6 -6.5°C  + 8.0 – 11.0 mg O2/l), (iii) 

ambient temperature and ambient oxygen (n = 20, 18.0 – 20.0°C + 8.0 – 11.0 mg 

O2/l). It was not possible to conduct the fourth treatment: ambient temperature 
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and hypoxia, in this experimental time frame due to nitrogen supply issues in the 

laboratory. Two opaque polyethylene baths with lids were filled with 80 l of 

artificial seawater with a generally controlled pH and salinity of 8.0 and 35 ppt 

respectively. Twenty mesocosms 30 cm long by 2 cm wide by 30 cm high were 

filled with organic rich mud to a depth of 15 cm and a thin layer of fine sand (to 

allow for easier observation of burrow structure) was also added (Figure 5.2) The 

narrowness of the aquaria allowed direct observations to be made on the 

burrowing capabilities and behaviours of individual specimens throughout the 

duration of the experiment. Vessels were immersed in artificial seawater-filled 

baths (Figure 5.2). Both control and treatment aquaria were aerated by 

continually bubbling a treatment-specific air-N2 gas mixture maintained from a 

Büchner flask. The oxygen and temperature in each treatment were monitored 

daily using an oxyguard probe and hanna temperature probe. Air pumping 

systems (Jebao fountain pump) were used to circulate the water in each bath unit 

to ensure that no warm pockets developed within bath tanks (Figure 5.2). N2 gas 

was supplied on tap and pumped into a Büchner flask where it was mixed with 

ambient air to produce the desired hypoxic conditions (Figure 5.2). Daylight 

hours were kept on a twelve-hour cycle using a mechanical timer and a large 

outdoor LED light set-up at a height above the mesocosms.  
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Figure 5.2 Schematic representation of experimental set-up 
The outer water bath is temperature-controlled and cools the inner water 

bath filled with artificial seawater. The ASW in the inner water bath is 

pumped around the box to avoid warm pockets between the glass tanks. 

Each mesocosm holds one polychaete in organic-rich mud filled to a depth 

of 20 cm and is bubbled with the desired gas mixture. A light source is set to 

a 12-hour cycle.  

 

 

 Sampling procedure 

 

Experimental mesocosms were removed every 24 hours to be 

photographed and examined. The behaviour and burrow morphologies of Alitta 

virens were examined after 24, 48, 72, 96 and 120 hours of exposure (Table 

5.1,Table 5.2, Appendix D table 1) for each treatment. Each combination (one 

transported and non-transported), were immediately placed into the middle of 

the mesocosms at the exact same time and burrowing times was recorded. The 

burrowing time threshold point was set to thirty minutes, and this allowed the 

time taken to burrow to be used as a continuous response variable for statistical 

testing. The behaviour of the polychaetes and their burrowing capabilities were 

assessed visually with all results recorded manually (Table 5.1, Table 5.2, see 
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Appendix D). All treatments were replicated ten times except for the low 

temperature and hypoxic treatment. The hypoxia treatment was replicated 

fifteen times due to nitrogen gas failure. Eight experiments (from each 

transported and non-transported groups) in this treatment that had sustained 

hypoxic conditions for at least 48 hrs were used to permit statistical analysis.   

 

 Statistical analysis 

 

Non-parametric statistical methods were employed in this study as the 

data showed opposite skews and was not normally distributed. In addition to 

this, the dependent variable has a threshold of 30 minutes (time taken to burrow), 

at which point the experiment was stopped. A non-parametric test allows for 

analysis on a ranked dependent variable, unlike parametric testing where there 

would have been a need to continue recording the time until the polychaetes had 

completely burrowed which was not feasible for these experiments. The 

independent variable consists of two groups (transported and non-transported).  

A Mann-Whitney U-test was run to test for overall significance in the mean ranks 

difference between the time to burrow in all the transported and non-transported 

groups. The level of significance was set to 0.05. Post-hoc Mann-Whitney U-tests 

were then conducted for each of the group treatments for each post-transport 

experimental combination. Here, the dependent variable is time to burrow 

(continuous variable) and the independent variable was the transported and non-

transported groups (categorical nominal variables). Statistical analyses were 

carried out in IBM SPSS 23.0 and 24.0. The Benjamini-Hochberg procedure was 

applied to control for the false discovery rate and address multiple comparisons. 

The false discovery rate was set to 0.05. 
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Table 5.1 Summary of terminology and descriptions 

Terminology Description 

Ecosystem engineer 
An organism that directly or indirectly transforms the 

environment and its resources. 

Mesocosm 
Experimental water enclosure emulating part of the natural 

environment in controlled conditions. 

Pioneer stage 
Between 0 – 30 minutes, immediately after introduction into 

the mesocosm 

Establishment 

stage  
24 hours after exposure to the experimental treatment 

Exploitation stage 
Between 48 – 96 hours after exposure to the experimental 

treatment 

Stabilisation stage 120 hours after exposure to the experimental treatment 

Feeding strategies 

Suspension feeding: Trapping particles in the water column 

by mucus net production to be later digested by the worms. 

Deposit feeding: Crawling on the sediment surface to collect 

nutrient particles. 

Filter feeding: bio-irrigation in the burrow to filter nutrients in 

the water column through the mucus lined burrow to be later 

digested by the worms. 

 

Construction 

Sediment-reworking or displacement: sediment movement or 

pile up on the sediment surface demonstrating construction of 

burrows by the worms 

  

Burrow infill Disused burrow becomes infilled with sediment 

Escape Worm attempted to escape the mesocosm 

In-active 
Worms that were motionless and lying on sediment-water 

interface 

 

Burrow morphology Ichnogenera 

Passively filled horizontal tube Palaeophycus 

Simple linear burrow perpendicular to 

bedding 
Skolithos linearis 

Infilled horizontal tube Planolites isp. 

U-shaped Arenicolites 

Y-shaped Polykladichnus 

Burrow tubes with mucus lining Schaubcylindrichnus 
 

Table 5.2 Summary of burrow morphologies and comparable 

ichnogenera. 
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5.3 Results  

 

 Qualitative results: behaviour and burrow morphology of 

Alitta virens 

 

5.3.1.1 Transport in the annular flume 

 All individuals of Alitta virens survived transport in the annular flume. 

Immediately after the flume had come to a stop, and the flow had slowed, A. 

virens generally tended to move towards the base of the tank and crawl along the 

edges of the channel. Only on a few occasions did the polychaete attempt to swim 

in the channel after transport.  

5.3.1.2 Ambient temperature and ambient oxygen treatment  

Pioneer behaviour (0 hrs): Upon introduction into the treatment, A. virens from 

the transported group primarily penetrated the sediment and began burrowing 

(Figure 5.4). There was a relatively large proportion of the transported group that 

lay at the sediment-water interface.  

 A larger proportion of the non-transported group penetrated the 

sediment and began burrowing when compared to the transported group (Figure 

5.3, Figure 5.4). A small number of polychaetes lay at the sediment-water 

interface. 

Pioneer burrow morphology (0 hrs): Half of the transported group 

generated straight and sub-vertical burrows during the pioneer stage of the 

treatment (Figure 5.5). Some polychaetes did not construct any burrows. One U-

shaped burrow was produced.  

The majority of the non-transported group constructed vertical burrow 

forms (Figure 5.5). Some polychaetes did not generate any burrows. One 

specimen produced an S-shaped burrow.  
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 Establishment behaviour (24 hrs): The transported group produced 

mucus nets at the sediment-water interface and at burrow openings as their 

primary feeding mechanism (Figure 5.3, Figure 5.4). Sediment displacement was 

the second most frequent behaviour.  

The non-transported group also constructed mucus nets at the sediment-

water interface and at burrow openings (Figure 5.3, Figure 5.4). Some displayed 

no activity at this time. Sediment displacement and burrow infill was only 

observed in one mesocosm. Alitta virens from the non-transported group were 

observed crawling on the sediment surface. 

Establishment burrow morphology (24 hrs): Alitta virens produced a 

range of burrow morphologies within the first 24 hours of exposure to the 

treatment. In the transported group, vertical burrow forms (straight and sub-

vertical morphologies) were the most common (Figure 5.5). U-shaped burrows 

were the second most common form of burrow. Other burrow morphologies 

included J- and Y- shaped forms (Figure 5.5,Figure 5.11)  

In the non-transported group, vertical burrow forms were also the most 

frequent of morphologies (Figure 5.5) with U-shaped forms also the second most 

common. Other types included J-, S- and horizontal burrows.  

Exploitation behaviour (48 – 96 hrs): Alitta virens demonstrated an 

increase in the variety of behaviours during the exploitation period in both 

groups. In the transported group, mucus net production, especially at the 

sediment-water interface remained the dominant activity (Figure 5.4). Bio-

irrigation occurred throughout this period. Sediment displacement frequently 

caused some burrow infill towards the end of this interval. 

Although mucus net production in the non-transported group was also 

the dominant activity, this control group exhibited an even distribution of mucus 

between the sediment-water interface and down into the burrows.  The group 

transferred production of mucus from the sediment-water interface during their 
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establishment stage to the inside of the burrows (Figure 5.4). Sediment 

displacement occurred frequently, effectively causing the infill of some burrows 

during this period. There was a higher range of activities observed in this group 

compared to the transported (Figure 5.4). Other activities displayed by the 

polychaetes included bio-irrigation, lying atop the sediment surface, and 

crawling on the surface. There was one mortality in the non-transported group, 

after 72 hours of exposure to the treatment. This was a specimen that had been 

observed with disarticulated body segments in its mesocosm during previous 

observation intervals.  

Exploitation burrow morphology (48 – 96 hrs): Vertical burrow forms 

remain the most frequent morphology produced by Alitta virens in the 

transported group (Figure 5.5). Specimens demonstrated increasingly extensive 

burrow networks in which the full depth of the tanks was utilised. Horizontal, Y-

, U-, S-, and J- shaped burrow forms had been constructed during this period of 

exposure (Figure 5.5).   

In the non-transported group, vertical and U-shaped forms shared a 

similar distribution across the exploitation stage (Figure 5.5). Alitta virens 

frequently displayed extensive burrow networks. Horizontal, J-, S- and Y-shaped 

morphologies were also generated.  

Stabilisation behaviour (120 hrs): In the transported group, mucus net 

production remained the primary behaviour. There was an observable change in 

spatial distribution of the mucus to a more even spread within the burrow and 

at the sediment-water interface (Figure 5.4). Sediment displacement caused 

burrow infill as the polychaetes established new networks. Alitta virens 

demonstrated bio-irrigation only in the transported group at this time interval.  

 The non-transported group also took up mucus production as the 

dominant activity but there was a strong preference for mucus production within 

the burrows (Figure 5.4). Infilled burrows and sediment displacement were 
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observed as the polychaetes established new burrow networks. Disarticulated 

posterior segments were also observed in the non-transported group.  

Stabilisation burrow morphology (120 hrs): Alitta virens appeared well 

established in the mesocosms towards the end of the experimental treatment. The 

muddy sediment had been thoroughly utilised, and a full range of burrow 

morphologies was produced creating extensive networks. In the transported 

group the most frequent burrow observed changed from vertical to deeper U-

shaped forms (Figure 5.5). Horizontal, J-, S-, and Y-shaped burrow morphologies 

had all been constructed by the stabilisation stage. J-shaped burrow forms were 

only produced in the transported group.  

Just like the transported group, the non-transported group also 

demonstrated a change in vertical to U-shaped burrow forms (Figure 5.5). 

Vertical, S- and Y- shaped morphologies were also produced in this group. 
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Figure 5.3 Forms of behaviour of the polychaete, Alitta virens in 

experimental mesocosm 

(a) At the pioneering stage, the polychaete penetrates the sediment and 

burrows into the mud while the sand is dragged down into the newly 

formed burrow. (b) In some instances, especially in low temperatures and 

hypoxic conditions the polychaete attempts to escape the tank. Note the 

protrusion of the proboscis, a sign of stress or aggressive behaviour. (c) 

Polychaete is light sensitive and moves down the burrow when light is 

shown on the microcosm. Mucus net at burrow entry helps catch suspended 

nutrients in the water column.  
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Figure 5.4 Ambient temperature and ambient oxygen 

behavioural data. 

Behavioural bar chart data from each time point of the experimental 

treatment in the transported and non-transported group (n = 20). 

 

 

 

 

 

 

Figure 5.5 Ambient temperature and ambient oxygen burrow 

morphology data. 
Burrow morphology bar chart data from each time point of the 

experimental treatment in the transported and non-transported 

group (n = 20). 
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5.3.1.3 Low temperature and ambient oxygen treatment 

Pioneer behaviour (0 hrs): In the transported group, there was a variety 

of behaviours observed in Alitta virens upon exposure to the treatment. Some 

penetrated the sediment and burrowed into the mud (Figure 5.6) while others lay 

at the sediment-water interface (Figure 5.6). A smaller proportion of polychaetes 

attempted to escape the mesocosm (Figure 5.3) and one specimen was observed 

crawling at the sediment surface for some time.  

In the non-transported group, the majority of Alitta virens penetrated the 

sediment and burrowed into the mud (Figure 5.6). A small portion of polychaetes 

created mucus nets upon exposure to the treatment and one attempted to escape 

the mesocosm (Figure 5.3).  

Pioneer burrow morphology (0 hrs): In the transported group, Alitta 

virens primarily constructed vertical burrow forms upon entry into the treatment 

(Figure 5.7). A small proportion of polychaetes did not establish any burrow 

constructions at this interval (Figure 5.7).  

In the non-transported group, almost all polychaetes attempted to 

establish a burrow (Figure 5.7), with the majority creating vertical forms and one 

polychaete producing a horizontal burrow. One specimen did not attempt to 

produce any burrow.  

 

Establishment behaviour (24 hrs): There was a difference in the total 

number of behaviours demonstrated by the two groups during this observation 

interval. The non-transported group displayed a wider range of behaviours 

during establishment in the mesocosms. In the transported group, sediment 

displacement was the most frequent behaviour (Figure 5.6, Figure 5.10a). The 

transported group demonstrated only one other type of behaviour to sediment 

displacement which was mucus net production at the sediment-water interface.  
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In the non-transported group, sediment displacement was also the most 

frequently observed behaviour (Figure 5.10a,Figure 5.6). Alitta virens was also 

observed bio-irrigating and had produced mucus lined burrows. A disarticulated 

posterior segment was discovered at the sediment-surface interface. 

Establishment burrow morphology (24 hrs): Alitta virens had established 

and created a range of burrow morphologies within the first 24 hours of 

exposure. In the transported group, U-shaped burrow forms were the most 

common morphology (Figure 5.7). Vertical forms were also common with a lesser 

production of S- and J-shaped morphologies (Figure 5.11d and f).  

 There was almost a completely even spread in the occurrence of burrow 

morphologies in the non-transported group. J- and U-shaped forms were the 

most common burrow constructions in this group (Figure 5.7, Figure 5.11f and 

e). A slightly smaller proportion produced vertical burrow forms.  

 

Exploitation behaviour (48 – 96 hrs): In both groups, Alitta virens 

demonstrated an increase in behaviour types. In the transported group, mucus 

net production was highest at the sediment-water interface rather than within 

the burrows (Figure 5.6, Figure 5.10c). Sediment displacement was the second 

most frequent activity in this group. Bio-irrigation, disarticulated posterior 

segments, crawling and lying on the sediment surface were also observed during 

the exploitation stage (Figure 5.10).  

Individuals in the non-transported group generated mucus both inside the 

burrow and on the surface in a generally more even distribution (Figure 5.6, 

Figure 5.10f). Bio-irrigation and disarticulated posterior segments were 

frequently observed in this group throughout the exploitation stage. There was 

one mortality in the transported group at 48 hours of exposure.  

Exploitation burrow morphology (48 – 96 hrs): In the transported group, 

Alitta virens produced U-shaped burrows most frequently (Figure 5.7), especially 
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at shallower depths and became slightly deeper over time. Y-, J-, S-shaped and 

horizontal burrows were also generated (Figure 5.11). 

In the non-transported group, U-shaped burrow morphology was also 

observed most frequently for the most part of this period (Figure 5.7) but tended 

to be constructed at much deeper depths within the mesocosm (Figure 5.11e). The 

exploitation phase showed a shift in burrow morphologies to a wide range of 

forms at varying depths. Alitta virens began to exhibit extensive networks 

towards the end of this stage and included Y-, J-, S- and horizontal forms (Figure 

5.11a).  

 

Stabilisation behaviour (120 hrs): Mucus net production within burrows 

and at the sediment-water interface by Alitta virens remains the primary 

behaviour in both groups (Figure 5.6). In the transported group, sediment 

displacement was the second most commonly observed activity (Figure 5.10f and 

Figure 5.11f). Alitta virens was also observed lying and crawling on the sediment 

surface with a disarticulated posterior segment discovered in one mesocosm 

(Figure 5.10d).   

In the non-transported group, sediment displacement was also the second 

most common activity in this group and caused an infilled burrow in one tank 

(Figure 5.10b).  Bio-irrigation remained a frequent observation in this group.  

Stabilisation burrow morphology (120 hrs): In the transported group, 

over half the burrows produced were U-shaped at varying depths in the tanks 

(Figure 5.7). Vertical burrows were still frequent with much smaller proportions 

of Y-, J- and horizontal morphologies (Figure 5.11). Polychaetes in this group had 

begun to demonstrate extensive networks by the end of exposure in this 

treatment. 

Alitta virens in the non-transported group produced predominantly U- 

shaped burrows (Figure 5.7). J-shaped burrow forms were the second most 
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frequent morphology (Figure 5.11c and f). Other burrow forms included vertical 

and horizontal burrows. Some polychaetes created extensive networks by the 

end of this treatment (Figure 5.11a).  

 

 

 

Figure 5.6 Low temperature and ambient oxygen behavioural data. 
Behavioural bar chart data from each time point of the experimental treatment 

in the transported and non-transported group (n = 20). 
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Figure 5.7 Low temperature and ambient oxygen burrow 

morphology data. 
Burrow morphology bar chart data from each time point of the experimental 

treatment in the transported and non-transported group (n = 20). 

 

5.3.1.4 Low temperature and hypoxia treatment  

Pioneer behaviour (0 hrs): In the transported group, the majority of 

polychaetes penetrated the sediment and began to burrow into the mud (Figure 

5.8). Over a third, remained lying on the surface and did not attempt to burrow 

upon exposure to the treatment while one polychaete attempted to escape the 

tank (Figure 5.3b). 

All of the non-transported group penetrated the sediment and began to 

burrow once exposed to the treatment.  

Pioneer burrow morphology (0 hrs): In the transported group, the 

majority of Alitta virens produced straight vertical burrows (Figure 5.9) upon 

entry into the treatment. There was also a significant proportion of polychaetes 

that did not attempt to produce any burrows at this interval. One specimen 
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burrowed parallel to the sediment-water interface producing a horizontal 

burrow.  

All the non-transported group produced straight, vertical burrow forms 

in the pioneer stage. 

 

Establishment behaviour (24 hrs): In the transported group, sediment 

displacement was most commonly observed during this observation interval 

(Figure 5.8). The production of mucus nets, lying on the sediment surface, and 

no activity were also observed in equal proportions within this group.  

In the non-transported group, the establishment phase predominantly 

involved sediment displacement (Figure 5.8). Some polychaetes were inactive 

and some had begun mucus net production.  

Establishment burrow morphology (24 hrs): The transported group 

continued to produce vertical burrow morphologies (Figure 5.9) within the first 

24 hours of exposure to the treatment. A small proportion generated horizontal 

and shallow J- shaped burrows (Figure 5.11c). 

The most common burrow in the non-transported group was also vertical 

burrow morphologies (Figure 5.9). There were also occurrences of horizontal, U- 

and J-shaped burrow morphologies (Figure 5.11). 

 

Exploitation behaviour (48 – 96 hrs): There was a difference in the number 

of behaviours observed in both groups during this stage of exposure when 

compared to the other treatments. Towards the end of this interval, the hypoxic 

conditions failed due to exhaustion of nitrogen gas in the laboratory facilities. 

This unexpected re-oxygenation phase provided a unique opportunity to observe 

the behavioural responses of the polychaetes to a return to oxygenated conditions 

after experiencing extreme hypoxia. The mesocosms that experienced more than 

three days of low temperature and hypoxia were used for evaluation of 
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behaviour and burrow morphology in the results for this treatment combination 

(n = 7, in each group).  

There was a considerable difference in the number of behaviours observed 

in both groups during the exploitation stage of exposure when compared to the 

other treatments. The transported group frequently lay on the sediment surface 

and displaced the sediment (Figure 5.10d and f). Mucus net production also 

continued to persist at the sediment-water interface. One polychaete took up no 

activity. 

In the non-transported group, a large proportion were commonly 

observed inactive and lying at the sediment-water interface (Figure 5.10d). 

Sediment displacement and mucus net production continued during this time. 

One polychaete was observed with an infilled burrow (72 Hrs, Figure 5.10b), 

caused by sediment displacement, and one specimen observed crawling on the 

sediment surface as the oxygen levels increased. 

 

Exploitation stage: burrow morphology (48 – 96 hrs): Towards the end of 

the exploitation stage, oxygen began to return to ambient conditions which was 

reflected in the increase in burrow production. In the transported group, U- and 

J- shaped burrows were produced in the proceeding 48 hours after oxygen levels 

shifted to more normal levels (~ 8.0 mg/L). Vertical burrow forms continued to 

be the most common burrow morphology (Figure 5.9).  

In the non-transported group, Alitta virens demonstrated an increase in 

shallow U-shaped morphologies (Figure 5.9). Vertical burrows remained the 

most common morphology (Figure 5.9). Horizontal and J-shaped burrow 

morphologies were also observed.  
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Stabilisation behaviour (120 hrs): The transported group showed no new 

behaviours from the previous observation time points and continued performing 

the same behaviours during this period (Figure 5.8).   

In the non-transported group, polychaetes were commonly observed 

lying on the sediment surface as the oxygen levels in almost all mesocosms 

reached normal oxygenated conditions (Figure 5.8). Sediment displacement and 

the production of mucus nets were also common behaviours observed. 

Stabilisation burrow morphology (120 hrs): In the transported group 

Alitta virens slowed down its production of new burrows once oxygen levels had 

been stabilised with the majority of burrow morphologies observed as straight, 

vertical burrows or shallow U- shaped (Figure 5.9). 

In the non-transported group, Alitta virens was not observed to increase 

the production of its burrows or range of morphologies, even when the oxygen 

levels increased back to normal conditions. Burrow morphologies at this period 

remained no different to the initial burrow production phase at 24 hours when 

hypoxic conditions were persistent (Figure 5.9).   

NA: Day 4 – oxygen levels increased drastically in this treatment when the 

nitrogen gas begins to decrease and ambient air increases. This is correlated with 

the sudden increase in burrow production and morphologies displayed by the 

polychaetes at this time. Day 5 and 6 appear to show a stabilisation period, in 

which the burrow production by polychaetes steadies (Figure 5.9).  
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Figure 5.8 Low temperature and hypoxia behavioural data 

Behavioural bar chart data from each time point of the experimental treatment 

in the transported and non-transported group (n = 20). 
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Figure 5.9 Low temperature and hypoxia burrow morphology data 
Burrow morphology bar chart data from each time point of the experimental 

treatment in the transported and non-transported group (n = 20). 
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Figure 5.10 Forms of behaviour in the polychaete, Alitta virens in 

experimental mesocosms 

(a) Sediment displacement in a shallow U-shaped burrow with the 

polychaete lying in the tube. This burrow morphology is similar to that of 

the trace of Schaubcylindrichnus. (b) Polychaete is observed in burrow below 

older tubes that have now been infilled with sediment. (c) Mucus nets line 

the sediment-water interface. (d) Polychaete is observed inactive lying atop 

the sediment surface. (e) Oxidised burrow with sandy infill that has reached 

the end of the tube. Some sediment displacement can be seen at the sediment 

surface. (f) An oxidised burrow where mucus lines the inner walls of the 

burrow to help with structure and feeding, the burrow is morphologically 

similar to the trace Planolites. 
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Figure 5.11 Burrow morphologies generated by the polychaete, 

Alitta virens 

(a) Example of an extensive burrow network that utilises the full depth of 

the mesocosm. Connecting horizontal tubes link the large burrows together. 

Part of the burrow morphologies are similar to that of Polykladichnus. (b) 

Small vertical burrow that has been vacated that has become infilled with 

oxidised sediment. The burrow is morphologically similar to that of 

Skolithos linearis. (c) Shallow J-shape burrow with some infill from the 

above sandy sediment. (d) Vertical burrow that is progressing to a J-shape 

and an S-shape burrow. (e) Deep U-shape burrow that reaches the end of the 

glass tank and is mucus lined at the bottom. The burrow is morphologically 

similar to Arenicolites. (f) Deep J-shape burrow with sediment displacement 

at the sediment-water interface. 
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 Quantitative results  

 

5.3.2.1 Experimental conditions 

Water temperature and oxygen levels varied slightly during the ambient 

conditions in the mesocosms. Temperature was recorded between 18.0 °C and 

20.4 °C and oxygen levels were recorded between 6.3 mg/l and 11.2 mg/l. Low 

oxygen (hypoxic) conditions averaged at 5.5 mg/l when all treatments are 

included (encompassing experiments in which reoxygenation occurred) and at 

1.08 mg/l when only the full hypoxic treatments are considered. Low temperature 

conditions ranged from 4.8 °C to 6.6 °C.  

5.3.2.2 Mortality rates in Alitta virens 

All individuals of Alitta virens survived transport from the annular flume.  

There were two mortalities in the experimental treatments. One casualty 

occurred at 72 hours of exposure in the non-transported group in ambient 

temperature and ambient oxygen conditions. It was noted that throughout the 

duration leading up to this death, Alitta  virens had not demonstrated any activity 

at any point upon introduction into the treatment. The second fatality occurred 

at 48 hours of exposure in the non-transported group in low temperature and 

ambient oxygen conditions. It was noted that disarticulated segments of this 

polychaete had been recovered in the previous observation interval from the 

mesocosm.  

5.3.2.3 Burrowing times in Alitta virens 

In general, polychaetes burrowed into the sediment’ penetrating the 

surface and burrowing into the muddy sediment. A Mann-Whitney U-test (two-

tailed) showed overall significance differences in burrowing times between 

transported and non-transported groups. Distributions of the burrowing times 

for transported and non-transported were not similar, as assessed by visual 

inspection. Burrowing times for transported polychaetes (mean rank = 38.47) 
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were statistically significantly higher than for non-transported groups (mean 

rank = 23.52, U = 211, Z = -3.652, p = < 0.001). Further, post-hoc, Mann-Whitney U-

tests determined that there was a statistically significant increase in mean-rank 

burrowing times when polychaetes were subjected to transport before exposure 

to treatments compared to that of the non-transported groups in the same 

treatments (Table 5.3).  

All experimental combinations had statistically significant results in the 

mean-rank difference between the burrowing times in the transported and non-

transported groups (p = 0.011, p = 0.019 and p = 0.005, Figure 5.12, Table 5.3).  

 

 

Statistical test 

 

p-value 

Adjusted 

p-value 

Hochberg 
Sig. 

Degrees of 

freedom 

Median 

difference (in 

minutes) 

 

Mann-Whitney U-

test 

 

    

 

All transported 

groups vs Non-

transported groups 

burrowing rates 

< .005 < .001 *** 2 11.735 

Ambient 

temperature and 

ambient oxygen 

.043 .011 * 2 12.050 

Low temperature 

and ambient 

oxygen 

.075 .019 * 2 9.925 

Low temperature 

and hypoxia 
.019 .005 ** 2 12.205 

Table 5.3 Summary of statistical tests and results. 

Results of statistical analysis. NS = non-significant, * p < 0.05, and ** p < 0.01. 
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Figure 5.12 Mean burrowing times in Alitta virens. 
Grouped box and whisker plot showing results between the transported and 

non-transported groups, Mann-Whitney U-test. Blue indicates ambient 

temperature and ambient oxygen treatments (At + AO2) where p = 0.011, pink 

indicates low temperature and ambient oxygen treatments where p = 0.019 

(Lt + AO2) and yellow indicates low temperature with hypoxia treatments 

where p = 0.005 (Lt + hypoxia). 

 

 

5.4 Discussion 

 

 Survival and mortality of Alitta virens 

 

The hypothesis that Alitta virens could endure and survive turbulent 

transport is supported by these experiments. All polychaetes can survive a fully 

turbulent flow regime with a mean velocity of 2 ms– 1 for a duration of 180 minutes 

that equates to transport of 21.6 km. The flexible nature of the cuticle of Alitta 

virens most likely aided its endurance from the turbulent nature of the flow and 
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allowed internal labile tissues to be protected. In the control mesocosms, two 

mortalities were recorded in the non-transported group and none in the 

transported group. One mortality occurred at 72 hours after exposure to ambient 

temperature and ambient oxygen conditions. It is not considered to be caused 

from exposure to these conditions. There were signs that this polychaete was 

unhealthy after entry into the treatment as it performed no activity for the 

duration of the experiment until death. The other mortality, at 48 hours’ is 

considered more likely caused by the conditions in the mesocosm. During 

establishment stage (at 24 hrs) posterior segments of Alitta virens were discovered 

at the sediment surface. Although it is normal for Alitta virens to shed posterior 

segments and regenerate them, they may have been a contributing factor to its 

death.  

 

 Transport in the annular flume  

 

The effects of turbulent transport on Alitta virens were hypothesised to 

cause minimal damage and it was thought likely that these soft-bodied 

organisms could endure and survive a turbulent flow regime. The effects from 

this kind of flow were uncertain; however, it was predicted to affect their 

behaviour and ability to burrow.  

Polychaetes that experienced transport in the annular flume initially 

demonstrated aggressive behaviour. Alitta virens is known to show aggressive 

behaviour by extending their proboscis to expose the jaws. This type of behaviour 

was a constant observation after extraction from the annular flume and was most 

likely from rigorous physical turbulence. Burrowing times in Alitta virens were 

statistically significant in all experimental treatments in which the transported 

group showed a much longer increase in the mean time taken to burrow when 
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compared to the non-transported group ((p = 0.019, p = 0.011 and p = 0.005 Table 

5.3). These results indicate that there are some short-term effects from turbulent 

transport on the polychaete, Alitta virens that will affect its initial biological 

activities in the pioneering stages of its newly established habitat.  

From this work it is confirmed that polychaetes can be entrained in a 

turbulent, sediment-gravity flow and transported into an oxygen-deficient 

environment surviving for at least 120 hrs. These results most likely have broader 

implications for oxygen-related ichnofacies, the palaeoecology of some fossil 

assemblages associated with event deposits and how it would it be possible to 

distinguish the difference from the original community of tracemakers from the 

foreign one.  

 

 Behaviour of Alitta virens 

 

In the pioneering stages (0 hrs) of each experimental treatment, the most 

common behaviour in all groups of polychaetes was burrowing into the muddy 

sediment. In all treatment combinations, the non-transported group burrowed 

into the sediment in greater numbers when compared to the transported group 

during the pioneering stage (Figure 5.13). This behaviour increased with the 

more extreme the exposure treatment with all polychaetes in the non-transported 

group in the low temperature and hypoxia treatment burrowing into the 

sediment in the pioneering stage. This would suggest that the non-transported 

group had quicker response times to stressful conditions and attempted to 

burrow away from these stressful conditions.   

It was noted that there was a tendency for Alitta virens to burrow against 

the rigid glass wall of the mesocosm across all treatments. Burrowing alongside 

a wall requires less force than just burrowing into muddy sediment due to crack-
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propagation that occurs between the wall and the sediment. This requires much 

less energy from the burrowing polychaete (Dorgan et al., 2005). Once a wall was 

encountered by the polychaetes, they burrowed down along the side of the tank 

vertically to establish their first burrow habitat.  

All transported groups of Alitta virens, consistently showed higher 

frequencies, compared to the non-transported treatment group, of lying atop the 

sediment-water interface upon introduction to the mesocosms with at least over 

a third of each of these groups displaying this behaviour (Figure 5.13). This is 

reflected in the burrow morphology results in which these groups tended to 

show higher frequencies of no burrow generation in the pioneering stages. This 

was most likely a short-term effect from turbulent transport and is also reflected 

in the statistically significant results in burrowing times in the treatments (Figure 

5.12).   

Alitta virens established feeding strategies by mucus net production. 

Mucus nets are a way for polychaetes to feed off suspended particles and 

nutrients in the water column (Miron et al., 1991; Miron et al., 1992). This kind of 

feeding strategy persisted throughout all treatments in all groups of polychaetes. 

The exploitation stage was between 48 and 96 hours of exposure and the 

polychaetes demonstrated more sophisticated behaviour. The behaviours and 

burrow morphologies established at this stage were, to a degree, dependent on 

the nature of the mesocosm the polychaetes were placed in and whether, or not, 

they had undergone transport (Figure 5.13).  

In both the ambient temperature with ambient oxygen and low 

temperature with ambient oxygen treatments, the transported groups of Alitta 

virens primarily produced mucus nets at the sediment-water interface for its 

feeding strategy. In these treatments, the non-transported groups generated 

mucus that tended to be more evenly distributed between the sediment-water 

interface and down into the burrow tubes. Mucus lining in burrow tubes helps 
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support a stable burrow structure, the organic-rich sediment mixed with the 

mucus produced from Alitta virens along with the ambient oxygen conditions in 

these treatments, most likely caused bacterial and microbial environments to 

grow which in turn creates a food source for the polychaetes in their own 

burrows (Herringshaw et al., 2010; Reise, 1981). This demonstrates a more a 

sophisticated behavioural strategy for these polychaetes in which feeding can 

take place within the burrow rather than having to leave the safety of their 

burrow in search of food. 

Bio-irrigation observed in these groups would have also helped with 

generating a food supply from inside of the burrow network. Alitta virens is 

thought to use bio-irrigation for a few reasons. The undulating body movements 

would have helped oxygenate the burrow and remove waste, taking it away from 

its habitat. Bio-irrigation can also help bring in suspended nutrients for food from 

the outside water column with a mucus lined burrow helping to trap the food 

particles.  

Sediment displacement was another common behaviour observed during 

exploitation stages and coincided with the considerable increase in the variety of 

burrow morphologies generated in the ambient temperature with ambient 

oxygen and low temperature with ambient oxygen treatments (Figure 5.13).  

There were considerable differences in the behaviours observed in the low 

temperature and hypoxic groups when compared all other groups. Both 

transported and non-transported groups in this stressful treatment were 

observed lying on the sediment surface with limited burrow development. 

However, burrow development in general was slightly higher in the transported 

group. There were still considerable amounts of sediment displacement. Mucus 

production also occurred but never down into the burrow tubes. As oxygen 

levels returned to normal towards the end of this interval, sediment displacement 

increased, and the polychaetes began to develop new burrows.  
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In the final stabilisation stage in this study (120 hours of exposure), behaviours 

remained generally consistent with some smaller changes observed within 

groups. Mucus net production continued and remained the most frequent 

behaviour in all groups except those that experienced low temperature and 

hypoxic conditions (Figure 5.9). All groups in the treatments with ambient 

oxygen levels had generated mucus on the sediment surface and within some of 

their burrows as feeding strategies. The non-transported group in the ambient 

temperature with ambient oxygen treatment showed the greatest advancement 

to moving away from mucus at the surface and primarily producing it within 

their burrows. This coincided with the group constructing deeper burrow 

networks. 

As the oxygen conditions became ambient in almost all mesocosms in the 

low temperature and hypoxic treatment by the stabilisation stage, the 

polychaetes increased their activity. Sediment displacement became the primary 

behaviour but with a large proportion remaining inactive at the sediment-water 

interface with some mucus net production.  
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Figure 5.13 Summary of number of behaviours observed in Alitta 

virens. 
Each bar chart represents shows the number of behaviours observed in each 

group within each experimental combination. 

 

 

 Burrow morphology in Alitta virens 

 

In general, burrow morphology in the pioneering stages for Alitta virens 

was similar across all groups. Basic, vertical burrow forms were the most 

frequent upon entry during the initial stages in the experimental treatments in 

almost all groups (Figure 5.11, Figure 5.12 and Figure 5.14).   

Within the first 24 hours of exposure to the experimental treatments, Alitta 

virens primarily displaced sediment to continue generating its new burrow 

habitat. Both transported and non-transported groups in the low temperature 

and hypoxic conditions showed a proportion of polychaetes that were inactive 

during this time. It is possible that this behaviour was a way for Alitta virens to 

acclimatise to the stressful conditions before using up any energy to burrow into 

the sediment. In all other treatments, burrow morphologies had greatly 

diversified but predominantly remained as simple vertical burrow types in the 

low temperature and hypoxic groups.  

Burrow morphologies were diverse and had advanced significantly 

during exploitation. Vertical and U-shaped burrows were the most common 

morphology with vertical forms evolving to U-shaped over this period. The 

treatment with ambient conditions of temperature and oxygen showed Alitta 

virens had generated extensive burrow networks (Figure 5.11 and Figure 5.12) in 

both transported and non-transported groups and displayed a full range of 
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burrow morphologies to all depths in the tank. The groups in the low 

temperature and ambient oxygen treatment showed a preference for U-shaped 

burrows at this time with the non-transported group generating these burrow 

types at much deeper depths than the transported group (Figure 5.11). There was 

a range of morphologies displayed in this group during exploitation; however, 

only the non-transported group demonstrated extensive networks by the end of 

this stage. There was a significant difference in burrow morphology and range in 

the most stressful treatment for the polychaetes. Low temperature and hypoxic 

conditions constrained Alitta virens to their basic vertical forms until oxygen 

levels increased (Figure 5.14). The sudden rise in oxygen levels presented Alitta 

virens with an opportunistic period to construct new burrows and evolve existing 

ones. This demonstrated that the presence of oxygen was crucial to the 

polychaetes and their biological activities.  

Burrow morphologies had generally stabilised by the stabilisation stages 

of the treatments with U-shaped burrows being the most common forms except 

in the low temperature and hypoxic treatment where vertical forms were most 

common. Y-shaped burrow morphologies are thought to be more common for 

polychaetes in the natural environment based on field studies (Gingras et al., 

2008) for feeding at the sediment surface and for protection. U-shaped burrows 

in this study, most likely reflect the effect of constraint from the narrow and short 

mesocosms. This may have also effected the feeding behaviours of Alitta virens 

where filter feeding was the most common feeding strategy (Gingras et al., 2008; 

Herringshaw et al., 2010).  

All burrow types had been explored, with extensive burrow networks 

developed in all groups except in the low temperature and hypoxic groups. This 

demonstrated that the ability for polychaetes to burrow extensively was affected 

by the limited oxygen conditions and not by the low temperature, as the low 

temperature and ambient oxygen treatment saw the polychaetes constructing a 
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range of morphologies at this stage (Figure 5.14).  However, the simple burrow 

forms in the low temperature and hypoxic treatment does demonstrate the highly 

adaptive nature of Alitta virens to remain alive in unsuitable environments, even 

after being transported considerable distances. These results therefore find 

support for the hypothesis that the polychaete Alitta virens can undergo turbulent 

transport and survive in temperature and oxygen limited conditions creating in-

situ traces in allochthonous environments. As for labelling these pioneers as 

doomed, this is yet to be thoroughly investigated with longer exposure times to 

hypoxic and anoxic conditions needed to establish their duration of survival 

under these conditions. 
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Figure 5.14 Summary of burrow morphologies in Alitta virens. 
Each bar chart represents shows the number of Burrow morphologies 

observed in each group within each experimental combination. 

 

 

 Comparing modern traces with the fossil record 

 

The burrow morphologies constructed in these experiments by the 

polychaete Alitta virens are comparable to a range of morphological plans 

observed in trace fossils (Buatois et al., 2017) . Simple linear burrows that are 

perpendicular to bedding can be assigned to Skolithos linearis (vertical shaft, 

Figure 5.11) and are assigned to the vertical unbranched burrows category 

(Buatois et al., 2017a). Planolites isp. (infilled horizontal tube, Figure 5.3a and b) 

and Planolites montanus are included in the simple actively filled (massive) 

horizontal to oblique structures category (Buatois et al., 2017a).  Arenicolites 

(Figure 5.11) and Polykladichnus (Figure 5.11a) encompass both U and Y-shaped 

burrow morphologies respectively and are common in the vertical multiple and 

single Y and U-shaped category of ichnogenera. Passively filled horizontal 

burrows such as Palaeophycus (Buatois et al., 2017a) are common (lined tube, 

Figure 5.11). Burrow tubes with mucus lining have been compared to 

Schaubcylindrichnus (Figure 5.3a) and have  been assigned to the category of sheaf 

burrow of thickly lined tubes (Gingras et al., 2008; Kikuchi et al., 2016; Buatois, et 

al., 2017b). The diagnostic feature of this category is the thick lining in a cluster 

of burrows which was observed in well-developed mucus lined burrows (Figure 

5.3a).  
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5.5 Conclusions 

 

The polychaete, Alitta virens has the capability of enduring and surviving 

turbulent transport and inhabiting new environments, even those with severely 

low temperature and hypoxic conditions. The presence of a flexible cuticle and 

general segmented body shape assists the soft-bodied organism in a turbulent 

flow regime. The survival of all specimens of Alitta virens in this kind of turbulent 

flow regime was remarkable; however, these flows consisted only of artificial 

seawater. Although previous work  has shown that sediment concentration has 

no significant effect on the polychaete Alitta virens during turbulent transport 

(Bath Enright et al., 2017), flows consisting of a mixture of mud and sand should 

be investigated as this kind of sediment-density flow regime could affect the 

polychaete during transport by excessive ingestion of sediment particles.  

Alitta virens is clearly capable of burrowing into muddy sediment after 

transport; however, a Mann-Whitney U-test showed that burrowing times in all 

transported groups were statistically significantly different, taking the 

transported groups much longer periods of time to burrow into the sediment 

after transport.  This could leave them vulnerable as exposure time for predation 

to occur is increased.  

In the past it had been speculated that soft-bodied animals may not be 

capable of surviving turbulent energetic transport (Grimm & Follmi, 1994). With 

rapid decay rates, the polychaete Alitta virens is one of the most decay-prone soft-

tissued organisms and so, this organism may serve as a relatively good substitute 

for other soft-bodied organisms survival rates during transport. Although it is 

important to note Alitta virens possess an advantageous low oxygen threshold 

and a flexible body structure. However, survival of other soft-bodied organisms 

in more transitional and laminar flow types should be addressed. 
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These experiments demonstrate that Alitta virens can adapt to new and 

stressful environmental conditions. The biological capabilities of the polychaetes, 

however, will strongly depend on how oxygen limited their new environment is 

after transport. Even in the most extreme experimental conditions in this study, 

traces and burrows were constructed by the pioneering organisms. These results 

have direct implications in the context of trace fossils associated with flow 

deposits (Föllmi & Grimm, 1990). Trace fossils found above and within event 

deposits can perhaps be used to record brief periods of oxygenation events 

related to gravity-flow deposits. Event deposits provide a snapshot in the 

behavioural responses of colonisers from the original benthic community and 

opportunistic species that have been transported in as “pioneers” causing a 

mixed trace-fossil assemblage. From this work it is confirmed that polychaetes 

can be entrained in a turbulent, sediment-gravity flow and transported into an 

oxygen-deficient environment surviving for at least 120 hrs. These results most 

likely have broader implications for oxygen-related ichnofacies and the 

palaeoecology of fossil assemblages associated with event deposits.  

However, careful consideration must be taken when using these trace 

fossils to re-construct palaeoenvironmental conditions such as the basin’s oxygen 

levels. The traces will not always reflect an “in-situ” organism and therefore care 

must be taken when assigning any ecological and environmental conditions 

below and within strata of flow deposits.
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 Conclusions 
 

 

6.1 Conclusions 

 

The overarching aim of this thesis was to investigate the impacts of 

transport on soft-bodied organisms to understand better transport-induced 

taphonomic biases. A novel experimental approach was applied to test the 

competing hypotheses for the Burgess Shale Lagerstätte regarding to what extent 

these animals were transported. This was achieved through using the polychaete 

Alitta virens and (i) compiling an index that could be used to quantify overall 

bodily damage from transport to freshly euthanised A. virens; (ii) characterising 

the nature of the sedimentary flow processes responsible for the deposits at 

Burgess Shale localities; (iii) compiling an index of states of degradation  that 

could be used to quantify damage from decay and transport, allowing 

comparisons to be made to Burgess Shale polychaete fossils; (iv) recreating 

analogue Burgess Shale-type flows and transporting Alitta virens to understand 

the preservation potential of soft-bodied organisms in this flow type  and (v); 

generating neo-ichnological experiments to understand better the “doomed 

pioneer” hypothesis as to whether, or not, allochthonous organisms may survive 

transport and produce in-situ traces in low temperature and oxygen deficient 

environments. These novel systematic taphonomic experiments resulted in new 

indices that may be extended to other fossil assemblages; demonstrated the 

importance of understanding Lagerstätten in the context of the sedimentary 

processes responsible for their formation; and revealed new insights into the 
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preservation potential of soft-bodied organisms from sediment-laden flows with 

implications for transport-induced preservational biases in palaeocommunities.   

 

The four key questions that this thesis aimed to answer were: 

 

1. What are the effects of flow duration, sediment concentration and grain 

angularity from sandy and turbulent, sediment-density flows on states of 

bodily damage to soft-bodied organisms?  

 

2. What are the sedimentological characteristics of the deposits of the Burgess 

Shale, how do these vary throughout the sequence, and were flows 

responsible for sediment deposition? 

 

3. What are the impacts of decay and transport on the palaeocommunity 

fidelity of the Burgess Shale biota?  

 

4. What are the implications of the survival of soft-bodied organisms from 

sediment-density flows? 

 

The following headings address each of these questions with concluding 

remarks to the relevant thesis chapters. 
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6.2 What are the effects of flow duration, sediment 

concentration and grain angularity from sandy and 

turbulent, sediment-density flows on states of bodily 

damage to soft-bodied organisms?  

 

Understanding how key flow parameters of sediment-laden flows affect 

the durability and preservation potential of soft-bodied organisms had yet to be 

truly understood. The aims therefore of Chapter 2 were to investigate the effects 

of realistic transport processes on the polychaete, Alitta virens. In a three-factorial 

experimental design, Chapter 2 showed a study that used a new approach for 

investigating transport processes and utilised an annular flume to generate an 

end-member of the most destructive flow type that was possible. These 

experiments recreated actualistic sandy sediment-density flows that were fast, 

fully turbulent and comparable to those depositing medium-bedded turbidite 

deposits. A counter-rotating annular flume was shown to be a better technique 

for testing transport processes on soft-bodied organisms than tumbling barrels. 

Tumbling barrels that have been used in previous studies would have organisms 

continuously impact the internal walls of the barrel and, within which, no 

realistic flow parameters could be modulated.  

Chapter 2 tested the hypotheses that (i) increasing transport duration, (ii) 

increasing sediment concentration and (iii) increasing grain angularity would 

result in greater states of bodily damage experienced by freshly euthanized 

specimens of the polychaete, Alitta virens. The statistical analysis revealed the 

following: 
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1. The longer that Alitta virens remained within a turbulent flow regime, the 

greater the state of bodily damage it experienced. Flow duration in turbulent 

sediment-density flows, therefore, was an important factor affecting the 

degree of bodily damage experienced by soft-bodied organisms and their 

preservation potential. 

2. Crucially, the results on flow duration also revealed that the polychaete was 

capable of remaining intact over the longest experimental distance of 21.6 km, 

which was twice the distance this species had been previously been recorded 

as remaining intact. The flows tested in this study were also substantially 

faster and more turbulent than any previous transport experiments using 

soft-bodied organisms.  

3. Increasing sediment concentration from a relatively low-concentration to 

high-concentration sediment-density flow, had no statistically significant 

effect. This result was contrary to the predictions of these experiments. Low-

density and high-density turbidity currents have different particle support 

mechanisms, so it had been predicted that this would affect the preservation 

potential of Alitta virens. Increased grain angularity resulted in greater bodily 

damage, providing support for the third hypothesis. There was a statistical 

relationship between sediment concentration and transport duration. The 

identification of interactions between these two flow parameters in post-hoc 

tests reveal that even relatively small changes in the flow structure could have 

a profound impact on the preservation potential of soft-bodied organisms. 

Most likely, as a flow moves down slope and its physical properties 

transform, so too will its effects on the organisms that it picks up in its path. 

This kind of complex transport bias has not yet been tested. 

The study demonstrated that if recently deceased soft-bodied organisms 

were caught up in a turbulent sandy flow regime, then they would have been 
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capable of enduring prolonged transport with little damage. This has significant 

palaeoecological implications for fossil Lagerstätten preserved in deposits of 

sediment-density flows because the organisms present may have been 

transported over substantial distances and therefore may not represent true 

palaeocommunities.  

 

6.3 What are the sedimentological characteristics of the 

deposits of the Burgess Shale, how do these vary 

throughout the sequence, and were flows responsible 

for sediment deposition? 

 

The sedimentological characteristics of the Burgess Shale deposits, chiefly 

the Greater Phyllopod Bed of the Walcott Quarry, have been evaluated in detail 

in previous studies (Whittington, 1971; Piper, 1972a; Conway Morris, 1986; 

Fletcher & Collins, 1998; Gabbott et al., 2008). It had been over a decade since the 

sedimentological processes involved in the deposition of the Greater Phyllopod 

Bed were last evaluated (Gabbott et al., 2008); and with recent advances in our 

understanding of sediment-gravity flows both in the field and in a laboratory 

setting (Baas et al., 2009; Sumner et al., 2008, 2009; Talling et al., 2012), this study 

was timely and set out to re-interpret the classification of these flow deposits 

along with other Burgess Shale localities: Raymond Quarry and Stanley Glacier. 

Chapter 3 presented in this thesis reported a combined field and analytical 

dataset of three different Burgess Shale localities with analysis of their 

sedimentary deposits, clay content, elemental composition and the evaluation of 

trace fossils at Stanley Glacier. The assessment of these deposits allowed for the 

evaluation of transport processes at each locality, a comparison of their clay and 
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elemental compositions, and a discussion on the oxygen and substrate conditions 

at Stanley Glacier from trace fossil material that was collected.  This field and 

analytical based dataset revealed the following: 

 

1. Different flow processes operate at the Burgess Shale localities.  

Sedimentological features were key in identifying flow parameters and 

demonstrated that at the Walcott Quarry, a quasi-laminar to upper 

transitional plug flow regime existed at the time of deposition of the beds 

studied. At the Raymond Quarry, deposits indicated a more laminar slurry 

plug flow with occasional flow events characterised as lower transitional plug 

flow events due to the larger infilled scours present in some beds. At Stanley 

Glacier, the deposits revealed a quasi-laminar plug flow at the point of 

deposition of these sediments. All Burgess Shale localities were interpreted to 

be deposited offshore, below storm wave base.   

 

2. Abundant trace fossils recognised at Stanley Glacier demonstrated a low to 

moderate ichnodiversity. The shallow depth of traces and burrows observed 

in the trace fossil material, suggested that the water column had an oxic-

anoxic boundary near to the sediment-water interface. Dysaerobic bottom-

waters persisted near the substrate. Substrate conditions fluctuated between 

a soft-ground to a soft-ground determined by the difference in preservational 

styles of rosary structures. 

 

3. Laboratory analytical techniques were used to provide additional 

information alongside the sedimentological field data. The elemental 

composition in the Burgess Shale sediments revealed that the compositions at 

the Walcott Quarry and Stanley Glacier were most similar with a dominant 

content of calcium carbonate. Raymond Quarry showed a high content of 
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clay. The clay fractions obtained through XRD methods, from the three 

Stanley Glacier parasequences as well as the Raymond and Walcott quarries, 

demonstrated a generally similar clay composition. The clay mineral 

composition observed in the Burgess Shale samples depended considerably 

on the original detrital material and the degree to which the sediments have 

been metamorphosed. All sites analysed in this chapter were metamorphosed 

to sub-greenschist facies (Powell et al., 2003). The main difference within all 

five samples was that the Walcott Quarry sample showed minor, to no traces 

of kaolinite or chlorite. All samples contained illite which most likely 

transformed through diagenesis from detrital minerals such as kaolinite or 

smectite. With previous experimental and statistical work is taken into 

account on clay minerals, kaolinite was chosen as an ideal clay mineral used 

in the experiments of Chapter 4.  

 

The Burgess Shale deposits provide a good representation of the flow 

parameters that existed at the crucial time of rapid deposition and the kind of 

flow the soft-bodied organisms were exposed to. It is therefore appropriate 

that these flow characteristics are replicated in laboratory conditions to 

reconstruct the original flow characteristics and recreate similar deposits (by 

using similar grain sizes, concentration and velocity’ etc.) present in the 

Burgess Shale. Additional techniques are advantageous to determine the 

original sediment composition. 

 

 

  



Chapter 6. Conclusions 

 

197 

 

6.4 What are the impacts of decay and transport on the 

palaeocommunity fidelity of the Burgess Shale biota?  

 

Previous studies have debated that the extent of transport of the Burgess 

Shale animals was minimal due to the high degree of articulation within the fossil 

assemblage (Caron & Jackson, 2006). The aim of Chapter 4 was to test the 

hypothesis that (i), increasing transport duration and (ii), increasing pre-

transport decay, would significantly increase the state of degradation 

experienced by the soft-bodied organism, Alitta virens, and considered the 

implications this had on the palaeocommunity fidelity of the Burgess Shale biota.  

In Chapter 3, the Walcott Quarry deposits were evaluated and interpreted 

to represent a quasi-laminar to upper transitional plug flow with the original 

sediments containing kaolinite clay.  By using a counter-rotating annular flume, 

the experiments of Chapter 4 created analogue flows for the Walcott Quarry 

Member of the Burgess Shale. This study showed that A. virens can be transported 

by such flows for tens of kilometres without additional damage beyond that 

already experienced due to pre-transport decay. 

This, combined with analysis of Burgess Shale fossils, using a new index 

of states of degradation produced in this study, and analysis of the deposits, 

suggested that the organisms of the Burgess Shale could have undergone 

significant transport, and may represent a conflation of more than one 

community. Lagerstätten are traditionally viewed as taphonomic “windows” 

into the fossil record and are often used to reconstruct in-life communities. 

However, these results highlight the fundamental importance of evaluating 

sedimentary processes responsible for the deposits in which fossils are 

entombed.  
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There is a need to reconsider palaeoecological reconstructions from 

Lagerstätten considering the sedimentological context of the deposits that encase 

them. Multidisciplinary approaches will allow us to gain a more holistic 

understanding of the environment and establish criteria for determining whether 

transport-induced compositional biases occur and to what extent. These results 

offer new views into this ‘window’ into the past and impact our understanding 

of how life evolved through time to reach its present-day levels of diversity and 

complexity. 

 

 

6.5 What are the implications of the survival of soft-

bodied organisms from sediment-density flows?  

 

Event beds occur in a wide range of marine and terrestrial environments, 

carrying with them a mixture of water and sediment. Sometimes, these flow 

events pick up organisms that have the ability to adapt to and exploit different 

environments from their original habitat. Previous studies have identified traces 

of such “pioneering” species associated with event beds produced by sediment-

gravity flows (De Gibert et al., 2000; Grimm & Follmi, 1994). Organisms that are 

transported in such flows were coined “doomed pioneers” (Föllmi & Grimm, 

1990; Grimm & Follmi, 1994), as it was hypothesised that these allochthonous 

organisms would eventually succumb to anoxic conditions; however, they would 

survive for a number days, during which time they would make in-situ traces 

into the event deposit and laminated muddy sediments. In Chapter 5 of this 

thesis, this hypothesis was tested using the polychaete, Alitta virens as the 

“doomed pioneer”. These experiments revealed the following:  
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1. The polychaete Alitta virens can survive and endure a turbulent transport 

regime of up to at least 21.6 km with no external physical damage to its 

body; most likely owing to its flexible cuticle.  

 

2. The statistical tests revealed overall significant differences in the 

burrowing times of Alitta virens when transported and non-transported 

individuals were compared with one another. Post-hoc tests found that the 

burrowing times in the ambient temperature with ambient oxygen, and 

the low temperature with hypoxia treatments were statistically significant; 

and that the median burrowing time in the transported group was 

significantly greater than those that had not experienced transport.  

 

3. The dataset for all three experimental treatments, with different 

combinations of oxygen and temperature conditions, demonstrated that 

the polychaetes can construct burrows after transport. Behavioural and 

burrow data suggested that the more stressful the environmental 

conditions A. virens was exposed to, then the more its biological 

capabilities were reduced, contributing to more basic burrow construction 

and limited behaviour, most likely to conserve energy.   

 

4. It was clear that Alitta virens is highly adaptable to stressful environmental 

conditions. Three different feeding strategies were observed in these 

experiments as well as a wide range of burrow morphologies.   

 

5. The burrow morphologies constructed by A. virens were comparable to 

trace fossils observed in the geological record. 
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The transport, survival and ability to adapt to different environmental 

conditions makes Alitta virens not only a key ecosystem engineer, but also enables 

these organisms to exploit new habitats and resources. Burrowing polychaetes 

have the potential to produce complex networks, utilise a range of feeding 

strategies and colonise wide ocean areas rapidly (Kristensen, 1984; Llansó, 1991; 

Miron et al., 1991; Banta et al., 1999; Çinar, 2013; Bosch et al., 2015; DePasquale et 

al., 2015). These capabilities are limited by anoxic conditions yet, still, these 

organisms can survive long enough to leave their traces behind. 

 Event deposits are known as far back as the Palaeozoic and are thought 

to have a high preservation potential (Sepkoski Jr, 1991). Burrowing polychaetes 

(such as Alitta virens) also have a long geological history (Conway Morris & Peel, 

2008). Accurate recognition of in-situ traces produced by allochthonous 

organisms in the geological record along with further ichnological 

experimentation may contribute to a better understanding of trace fossils in 

occurrence with event deposits. Doomed pioneers are perhaps more common in 

the geological record than previously believed. Thus, careful consideration must 

be employed when using trace fossils associated with event deposits to 

reconstruct benthic marine communities, oxygen availability, and their trophic 

structures. It will also be important when using ichnofacies analysis for 

palaeoenvironmenatal reconstructions of basins and other marine environments 

that are prone to flow event deposits. 

 

6.6 Future Work 

 

The sediment-density flows that were tested in the annular flume in 

Chapter 2 of this thesis do not represent all of the sediment-laden flow types that 

exist in the marine environment. Density flows that play a crucial role in some 
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fossil assemblages have still yet to be truly understood as to how they affect 

preservation potential to soft-bodied organisms. Chapter 2 provides the basic 

groundwork for future work on transport-induced taphonomic biases. If we are 

to understand the true nature of the flow deposits that host exceptionally 

preserved fossils we must begin to investigate systematically a number of 

additional factors: i) differential durabilities of a variety of soft-bodied organisms 

and their key role in determining how long different species survive transport 

intact; ii) the state of the organism (alive, freshly killed or decaying) when 

entrained and its effect on endurance during transport; and iii) the different  

hydrodynamic properties of a diversity of species  and how this will ultimately 

determine where and when they are deposited. All three of these factors will also 

be affected by flow regime, with hydrodynamic sorting and transport-induced 

damage likely to be more prevalent in turbulent flows; whereas less damage will 

likely occur in more laminar flows and plug-like transport. Thus, future 

experimental work should test the null hypothesis that the abilities of different 

taxa to remain intact during transport do not differ from one another or across 

different flow types. 

Elemental composition and clay analysis at the Burgess Shale were 

primarily undertaken in this study to identify an appropriate clay mineral to be 

used in the experiments outlined in Chapter 4. Future work should be carried out 

to trace back the diagenetic history of Burgess Shale clay minerals, and further 

work using SEM-EDS analysis will help to discern detrital from authigenic 

kaolinite minerals. Clay minerals have very different physical properties in a 

fluid and can change the flow dynamics of sediment-density flows, thus 

understanding the true nature of the original sediments is advantageous when 

designing any kind of transport experiments.  

The Burgess Shale Lagerstätte represents the archetypal Lagerstätte and 

provides a critical taphonomic window into the aftermath of the Cambrian 
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explosion. Whilst detailed studies on all aspects of the nature of the Burgess Shale 

biota have been undertaken in the past, the potential biases introduced by 

sedimentary transport processes are less understood, making this site an ideal 

case study in this thesis as well as the basis of future work. From the work 

undertaken in Chapter 4 of this thesis, it is clear that there are potentially 

profound implications for a Burgess Shale-type flow regime on the durability of 

soft-bodied organisms. With newer localities like Stanley Glacier and Marble 

Canyon showing compositional differences from one another, this begs the 

question as to how much these deposits reflect true life-communities versus 

assemblages influenced by transport-induced taphonomic biases. This brings 

into question how we use such sites to re-construct the original community, 

trophic structures, and food-webs. Further work involving systematic, 

hypothesis-driven experiments will greatly advance our knowledge in this field.  

Developing indices of preservation for different taxa and testing the effects of 

flow characteristics on the preservation of different taxa will help us begin to 

understand to what extent the compositional differences observed in the fossil 

assemblages from different Burgess Shale localities are due to transport and 

emplacement processes.  

With several other fossil Lagerstätten preserved within deposits resulting 

from sediment-laden flows (the Hunsrück Slate, Beecher’s Trilobite Bed and the 

Jehol biota) this would indicate that transport processes played a much broader, 

yet unknown role, in exceptional preservation. Biases may have been introduced 

through the differential preservation potential and hydrodynamic properties of 

various organisms. In addition, one or more simple communities could be 

transported from one place to another and conflated into one complex 

community assemblage. Further development in linking sedimentological and 

palaeontological research together should be considered. The effects of transport 

by sediment-laden flows have important implications for the field of 
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palaeoecology; however, they have received little attention due to a common 

disconnect between palaeontologists and sedimentologists. New working 

practices that integrate the palaeontological dataset into the dynamic context of 

their sedimentary deposits will help accurately compare and ground-truth 

previous palaeoecological studies.  

Sediment-laden flows can travel to far-reaching areas of the marine realm, 

transporting and displacing organisms along their flow path. The experiments in 

Chapter 5 of this thesis find support for the doomed pioneer hypothesis, that 

fauna can be transported and produce traces in the sandy “event beds” and down 

into the laminated, otherwise non-bioturbated mud sediments. Polychaetes are 

also known to be key ecosystem engineers. Opportunistic animals such as 

burrowing polychaetes, will have important impacts on the community structure 

in new environments.  It would be beneficial to begin to recognise the frequency 

of event deposits hosting doomed pioneer trace makers so that basin redox 

conditions are recorded accurately. Further neo-ichnological work is needed on 

the extent of survival of doomed pioneers in extreme hypoxic conditions after 

transport, and to what extent, can their structures and modification of the 

sediment affect the rest of an original benthic community. These will have 

potentially important effects on trophic structure relations and evolutionary 

effects on other organisms in these habitats. 
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List of appendices 
 

Appendix A Table of raw experimental data at each experimental 

combination and the states of overall bodily damage to Alitta 

virens used in Chapter 2. 

 

Appendix B Thin-section scans from all the samples collected from each of 

the three Burgess Shale localities used in Chapter 3. 

Micrographs showing crenulation cleavage observed in all 

parasequence 5 samples from Stanley Glacier. Micrographs 

showing chloritoids observed in parasequence 5 at Stanley 

Glacier. Each photo was taken with a Leica microscope and has 

the sample number labelled. 

 

Appendix C Table of raw data from the degradation survey of polychaete 

fossils of Burgessochaeta and Canadia used in Chapter 4. Table of 

raw experimental data of each experimental combination and 

the results on states of degradation to the freshly euthanised and 

decayed polychaete, Alitta virens. One figure of photographs of 

the polychaete that infilled entirely with kaolin clay during one 

experiment.  
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Appendix D Table of raw experimental data at each experimental 

combination with recordings of both the behaviour and burrow 

morphologies for each time point. Pie charts of behaviour and 

morphology at each time point for each experimental treatment 

and combination.  

 

Appendix E Ethical approval forms for all experiments performed in this 

thesis approved by the University of Portsmouth, Ethical 

Committee. Ethical form UPR16.  

 

Appendix F Dissemination of work. i) titles of thesis publications, ii) oral 

presentations, and iii) poster presentations.  
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Duration 

(mins) 

Sediment 

concentration % 

Grain 

angularity 

 

State of 

bodily damage 

 

Experiments of 5 % concentration with spherical beads (SB)  

 
  

 

5 

5 

5 

5 

5 

 

 

22.5 

22.5 

22.5 

22.5 

22.5 

 

45 

45 

45 

45 

45 

 

 

90 

90 

90 

90 

90 

 

 

180 

180 

180 

180 

180 

5 

5 

5 

5 

5 

 

 

5 

5 

5 

5 

5 

 

5 

5 

5 

5 

5 

 

 

5 

5 

5 

5 

5 

 

 

5 

5 

5 

5 

5 

SB 

SB 

SB 

SB 

SB 

 

 

SB 

SB 

SB 

SB 

SB 

 

SB 

SB 

SB 

SB 

SB 

 

 

SB 

SB 

SB 

SB 

SB 

 

 

SB 

SB 

SB 

SB 

SB 

1 

1 

1 

1 

1 

 

 

2 

2 

2 

2 

2 
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2 

2 

6 

2 
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3 

6 

5 

3 

 

 

3 

5 

1 

5 

2 

 
  

 

Experiments of 5% concentration with angular beads (AB)  

5 

5 

5 

5 

 

5 

5 

5 

5 

 

AB 

AB 

AB 

AB 

 

1 

1 

1 

1 
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22.5 
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22.5 

22.5 

22.5 

 

 

45 

45 

45 

45 

45 

 

 

90 

90 

90 

90 

90 

 

 

180 

180 

180 

180 

180 

5 

 

 

5 

5 

5 

5 

5 

 

 

5 

5 

5 

5 

5 

 

 

5 

5 

5 

5 

5 

 

 

5 

5 

5 

5 

5 

AB 

 

 

AB 

AB 

AB 

AB 

AB 

 

 

AB 

AB 

AB 

AB 

AB 

 

 

AB 

AB 

AB 

AB 

AB 

 

 

AB 

AB 

AB 

AB 

AB 

1 

 

 

3 

1 

2 

2 

3 

 

 

6 

3 

6 

3 

3 

 

 

5 

6 

5 

6 

6 

 

 

6 

6 

6 

6 

6 

 

 

Controls of 0 % concentration, no sediment  

 

 

5 

5 

5 

5 

5 

 

 

22.5 

22.5 

22.5 

22.5 

22.5 

 

45 

45 

 

 

0 

0 

0 

0 

0 

 

 

0 

0 

0 

0 

0 

 

 

0 

0 

 

 

N/A 

N/A 

N/A 

N/A 

N/A 

 

 

N/A 

N/A 

N/A 

N/A 

N/A 

 

 

N/A 

N/A 

 

 

1 

1 

1 

1 

1 

 

 

1 

2 

1 

3 

1 

 

 

5 

3 
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45 

45 

45 
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90 

90 

90 

90 

 

180 

180 

180 

180 

180 
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0 

0 

 

 

0 

0 

0 

0 

0 

 

0 

0 

0 

0 

0 

N/A 

N/A 

N/A 

 

 

N/A 

N/A 

N/A 

N/A 

N/A 

 

N/A 

N/A 

N/A 

N/A 

N/A 

1 

3 

3 

 

 

2 

3 

2 

3 

5 

 

5 

5 

4 

6 

4 

 

Experiments of 10 % concentration with spherical beads  

5 

5 

5 

5 

5 

 

 

22.5 

22.5 

22.5 

22.5 

22.5 

 

 

45 

45 

45 

45 

45 

 

 

90 

90 

90 

90 

90 

 

180 

180 

180 

180 

 

10 

10 

10 

10 

10 

 

 

10 

10 

10 

10 

10 

 

 

10 

10 

10 

10 

10 

 

 

10 

10 

10 

10 

10 

 

10 

10 

10 

10 

 

SB 

SB 

SB 

SB 

SB 

 

 

SB 

SB 

SB 

SB 

SB 

 

 

SB 

SB 

SB 

SB 

SB 

 

 

SB 

SB 

SB 

SB 

SB 

 

SB 

SB 

SB 

SB 

 

1 

1 

2 

1 

1 
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1 
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2 
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3 

2 

1 

3 

 

 

5 

3 

3 

6 

5 

 

6 

6 

6 
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Experiments of 10 % concentration with angular beads  
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AB 
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AB 
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AB 
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5 
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5 

4 
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5 

3 
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5 
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Table A.1. Summary of results on states of overall bodily damage to Alitta 

virens at each experimental combination.  
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Figure B.1. Thin-section scans from the samples collected at the three Burgess 

Shale localities. Arrow shows right-way-up, SG = Stanley Glacier, WQ = 

Walcott Quarry and RQ = Raymond Quarry. 
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Figure B.2. Thin-section scans from the samples collected at the three Burgess 

Shale localities. Arrow shows right-way-up, SG = Stanley Glacier, WQ = 

Walcott Quarry and RQ = Raymond Quarry. 

 

 

 Figure B.3. (a and c) Crenulation cleavage in parasequence 5 at Stanley 

Glacier. (b and d) Chlorite grains observed in parasequence 5 at Stanley 

Glacier. 
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Figure B.4.  EDS Spectrum for Walcott and Raymond Quarries of the 

Burgess Shale Formation. 
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Figure B.5. EDS Spectrum for Parasequences 3, 4 and 5 of the Stephen 

Formation at Stanley Glacier. 
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Flow Duration  

(in minutes) 

Pre-transport 

decay (in hours) 

State of degradation 

Transported Controls 

All experiments with 11 % Kaolin clay at 0.4 m/s  

0 Hours pre-transport decay  

25 0 1 1 

25 0 1 1 

25 0 1 1 

25 0 1 1 

25 0 1 1 

    

225 0 1 1 

225 0 1 1 

225 0 1 1 

225 0 1 1 

225 0 1 1 

    

900 0 1 1 

900 0 1 1 

900 0 1 1 

900 0 1 1 

900 0 2 1 

 
   

48 Hours pre-transport decay 

25 24 2 1 

25 24 2 1 

25 24 1 1 

25 24 2 1 

25 24 1 1 

    

225 24 2 1 

225 24 2 1 

225 24 1 1 

225 24 2 1 

225 24 1 2 

    

900 24 2 2 

900 24 2 1 

900 24 2 2 

900 24 3 2 

900 24 2 2 

    

48 Hours pre-transport decay 

25 48 4 3 

25 48 3 2 
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Flow Duration  

(in minutes) 

Pre-transport 

decay (in hours) 

State of degradation 

Transported Controls 

All experiments with 11 % Kaolin clay at 0.4 m/s  

25 48 2 2 

25 48 2 2 

25 48 2 2 

    

225 48 4 2 

225 48 4 2 

225 48 3 2 

225 48 2 3 

225 48 2 3 

    

900 48 2 2 

900 48 2 2 

900 48 2 3 

900 48 3 1 

900 48 3 2 

 

Table C.1. Summary of raw data and results on States of Degradation. 

 

 

Figure C.1. Infilled polychaete with kaolin clay. 
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Table C. 2. States of Degradation (SOD) determined for specimens of Canadia sp. and Burgessochaeta sp. from the Greater Phyllopod Bed of the 

Walcott Quarry. All specimens in this survey are deposited with the Royal Ontario Museum, Toronto.  

 

Genus Species LOCNM SOD 
Size 

(mm) 
STP OCNIT 

Taxa 

ID 
Notes 

Canadia spinosa WQ; Fossil Ridge; Yoho National Park 3 32 -130 940533 0 A/B with Marella 

Canadia spinosa WQ; Fossil Ridge; Yoho National Park 1 18 -130 940839 0 A/B   

Canadia spinosa WQ; Fossil Ridge; Yoho National Park 2 18 -130 940934 0 A/B, partially decayed, ruptured gut 

Canadia spinosa WQ; Fossil Ridge; Yoho National Park 1 29 -130 941543 0 A/B  

Canadia spinosa WQ; Fossil Ridge; Yoho National Park 2 55 -130 942094 0 Damaged posterior, dissociated setae at 

posterior with unsupported gut  

Canadia spinosa WQ; Fossil Ridge; Yoho National Park 1 24 -120 942506 0 A/B  

Canadia spinosa WQ; Fossil Ridge; Yoho National Park 1 26 -130 942810 0 A/B 

Canadia spinosa WQ; Fossil Ridge; Yoho National Park 1 24 -130 942845 0 A/B 

Canadia spinosa WQ; Fossil Ridge; Yoho National Park 1 12 +15 950589 0 A/B 

Canadia spinosa WQ; Fossil Ridge; Yoho National Park 1 23 +60 941466 0 A/B 

Canadia spinosa WQ; Fossil Ridge; Yoho National Park 1 52 -130 942962 0 A/B 

Canadia spinosa WQ; Fossil Ridge; Yoho National Park 1 35 -130 943106 0 A/B 

Canadia spinosa WQ; Fossil Ridge; Yoho National Park 1 29 -130 943145 0 A/B with Marella 

Canadia spinosa WQ; Fossil Ridge; Yoho National Park 2 39 -130 943146 0 A/B, with Marella, coiled, ruptured gut, 

damaged posterior?  

Canadia spinosa WQ; Fossil Ridge; Yoho National Park 1 19 +60 951244 0 Slab A, some setae dissociated, slightly 

decayed gut 

Canadia spinosa WQ; Fossil Ridge; Yoho National Park 1 12 +45 970742 0 A/B 

Canadia spinosa WQ; Fossil Ridge; Yoho National Park 1 44 +50 972007 0 A/B, smearing, with Marella 

Canadia spinosa WQ; Fossil Ridge; Yoho National Park 1 25 0cm 950299 1 A/B, coiled 



 

 

 

Canadia spinosa WQ; Fossil Ridge; Yoho National Park 1 45 0cm 950321 1 A/B  

Canadia spinosa WQ; Fossil Ridge; Yoho National Park 1 14 +15 950619 0 A/B  

Canadia spinosa WQ; Fossil Ridge; Yoho National Park 1 32 0cm 972031 1 A/B, full specimen 

Canadia spinosa WQ; Fossil Ridge; Yoho National Park 1 23 0cm/-2.4 950198 0 A/B, small dark stain at posterior, yellow 

halo 

Canadia spinosa WQ; Fossil Ridge; Yoho National Park 1 31 0cm 950230 1 whole body with head (two on one slab) 

Canadia spinosa WQ; Fossil Ridge; Yoho National Park 1 25 0cm 950230 4 half body, setae hidden on one side 

Canadia spinosa WQ; Fossil Ridge; Yoho National Park 1 17 0cm 950244 1 Slab A, with Marella  

Canadia spinosa WQ; Fossil Ridge; Yoho National Park 1 25 0cm 950281 0 A/B, coiled with head, with 2 Marella 

Canadia spinosa WQ; Fossil Ridge; Yoho National Park 1 21 0cm/-2.4 950296 1 A/B, with head and antennae 

Canadia spinosa WQ; Fossil Ridge; Yoho National Park 1 27 0cm/-2.4 950296 12 A/B dissociated setae with Marella, head and 

antennae 

Canadia spinosa WQ; Fossil Ridge; Yoho National Park 1 17 0cm 950318 2 A/B 

Canadia spinosa WQ; Fossil Ridge; Yoho National Park 3 12 +20/-220 950475 0 A/B, with 2 Marella 

Canadia spinosa WQ; Fossil Ridge; Yoho National Park 1 22 +55 950537 0   

Canadia spinosa WQ; Fossil Ridge; Yoho National Park 1 33 0cm 950416 1 A/B, with head   

Canadia spinosa WQ; Fossil Ridge; Yoho National Park 1 21 +60 951439 0 A/B 

Canadia spinosa WQ; Fossil Ridge; Yoho National Park 1 27 +60 951440 0 Slab A, ruptured gut towards posterior 

Canadia spinosa WQ; Fossil Ridge; Yoho National Park 1 24 +60 951463 0 1 Slab, with other fossil 

Canadia spinosa WQ; Fossil Ridge; Yoho National Park 1 25 +45 970720 0 A/B, slightly smeared 

Canadia spinosa WQ; Fossil Ridge; Yoho National Park 1 26 +45 970721 0 A/B, with Marella, smeared  

Canadia spinosa WQ; Fossil Ridge; Yoho National Park 1 18 +45 971002 0 A/B, with 2 Marella  

Canadia spinosa WQ; Fossil Ridge; Yoho National Park 1 16 +50 971164 0 A/B 

Canadia spinosa WQ; Fossil Ridge; Yoho National Park 1 41 0cm 971513 0 A/B 

Canadia spinosa WQ; Fossil Ridge; Yoho National Park 1 15 +50 971986 0 A/B, coiled? 

Canadia spinosa WQ; Fossil Ridge; Yoho National Park 1 14 0cm 972011 1 A/B 



 

 

 

Canadia Spinosa WQ; Fossil Ridge; Yoho National Park 1 19 -130 942419 0 A/B with Arthropod 
 

 

Table C.3. States of degradation (SOD) determined for specimens of Canadia sp. and Burgessochaeta sp. from the Greater Phyllopod Bed of the Walcott 

Quarry. All specimens in this survey are deposited with the Royal Ontario Museum, Toronto.  

 

Genus Species LOCNM SOD 
Size 

mm 
STP OCNIT 

Taxa 

ID 
Notes 

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 1 18 -120 952684 1 A/B 

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 2 43 -120 952475 10 B 

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 1 28 -120 952470 1 A/B 

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 1 12 -120 952446 1 A/B 

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 2 25 -120 952341 0 A/B dissociated setae, black stain at 

posterior  

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 1 45 -130 950821 1 A 

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 1 24 -120 931533 1 A/B 

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 1 22 -120 931624 1 A/B gut content 

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 1 15 -120 932342  A/B 

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 2 12 -40 950664 5 A/B damaged posterior? 

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 2 22 -40 950690 1 A/B damaged posterior, dissociated setae 

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 2 50 -40 950690 2 B 

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 1 19 -40 950700 1 A/B 

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 4 17 -40 950728 1 A/B only setae can be seen 

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 1 31 -40 950733 13 A/B some dissociated setae 

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 1 22 -40 950746 1 A/B 

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 1 13 -120 952151 1 A/B gut contents  

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 1 15 -120 952205 1 curled up  



 

 

 

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 2 20 -120 952212 1 A/B curled up, dissociated setae with 

damage 

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 1 7 -120 952390 1 A/B gut contents 

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 1 8 -120 952427 1 A/B 

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 1 20 -130 952443_1 0 A/B 

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 1 15 -130 952443_2 7 A/B 

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 1 22 -120 952468 1 A/B curled up 

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 1 19 -130 952701 8 A/B badly weathered slab 

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 2 12 -130 952776 1 B 

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 2 28 -40 970648 1 A/B damaged posterior 

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 1 7 -120 971859 0 A/B 

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 1 26 -120 931623 1 A/B curled up  

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 1 16.5 -120 972201 0 A/B 

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 1 24 -120 950459 1 A/B complete specimen 

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 1 17 -120 950468 1 1 slab  

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 1 27 -120 950633 1 1 slab 

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 1 8 -130 931326 1 slab B, dissociated setae? 

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 1 18 -120 931618 1 1 slab  

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 1 17 -120 931622 1 A/B, gut content, coiled 

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 1 20 -120 951223 14 A/B, curled up, smearing (gut content?) 

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 1 17 -120 951234 1 1 slab 

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 1 21.5 -120 951324 1 A/B 

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 1 16 -120 951552 1 A/B 

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 2 20 -120 951593 1 1 slab 

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 2 18 -110 951597 6 A/B 

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 2 18 -110 952147 1 A/B, missing setae  

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 1 14 -110 952148 1 A/B 

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 1 9 -120 961469 1 A/B 



 

 

 

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 1 17 -120 951692 2 curled up 

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 1 15 -120 951694 1 Slab B, curled 

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 1 8 -120 951741 1 1 slab (b?) 

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 2 13 -120 951750 1 1 slab  

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 2 21 -120 951835 1 1 slab  

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 3 65 -120 951838 1,2 slab C, large form, smearing. Worm shape  

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 3 35 -120 951838 1,2 slab A/B large form, smearing. Worm shape 

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 2 21 -120 951866 1 A/B, curled up, dissociated setae, posterior 

damage 

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 1 26 -120 951776 1 1 slab 

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 2 16 -120 951551 1 A/B, damaged posterior 

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 3 46 -120 951648 1 A/B, worm shape on 1 slab, can see 

segments 

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 2 55 -120 951672 1 A/B, posterior smearing, dark staining 

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 1 19 -120 951742 1 A/B 

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 1 21 -120 951754 1 A/B, curled up  

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 1 20 -120 951772 1 A/B, curled up, dissociated setae 

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 2 18 -120 951866 1 A/B smearing? Damaged 

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 2 9.5 -120 951877 5 A/B, smearing, coiled(?) 

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 1 23.5 -120 951907 1 A/B Coiled, head visible 

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 1 14 -120 951946 1 A/B, head visible  

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 1 10 -120 952102 1 A/B partial frontal view? 

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 1 13 -120 952103 1 A/B 

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 1 10 -120 952014 1 slab B 

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 1 6 -120 951909 1 1 slab 

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 2 22 -120 940511 0 A/B, damaged posterior 

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 1 22 -120 940703 0 A/B,  

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 1 18 -120 940935 0 A/B 



 

 

 

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 1 28 -120 940936 0 A/B dissociated setae  

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 1 18 -120 941019 0 A/B, setae missing 

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 1 19 -120 941129 0 A/B 

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 1 12 -120 941137 0 1 slab 

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 1 33 -120 941630 0 1 slab 

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 1 14 -120 941688 0 A/B 

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 1 22 -120 941756 0 A/B coiled  

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 1 7 -120 941794 0 1 slab 

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 1 14 -120 942038 0 A/B dissociated setae? 

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 1 12 -120 942241 0 1 Slab coiled  

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 1 20 -120 942415 0 A/B gut contents 

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 1 22 -120 942543 0 A/B  

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 1 13 -120 942580 0 A/B 

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 2 8 -120 942588 0 A/B, damaged posterior  

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 1 25 -120 942597 0 A/B, coiled tightly at one end 

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 1 24 -120 942714 0 1 Slab 

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 1 20 -120 951870 1 A/B, highly weathered 

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 1 18 -120 951918 1 A/B 19 pairs of limbs (in ROM notes) 

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 2 21 +9.0 

m 

930239 0 A/B, damaged posterior? 

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 1 21 -120 940412 0 A/B, coiled , dissociated setae 

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 1 10.5 -120 940502 0 A/B, head? 

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 1 16 -120 940015 0 A/B, coiled  

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 1 17 -120 940049 0 A/B, head? Other worm like fossil with 

polychaete  

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 1 32 -120 940081 0 A/B, coiled 

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 1 14.5 -120 940427 0 A/B  

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 2 7 -120 940456 0 A/B, very small fragment and damaged 



 

 

 

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 1 21 -120 940506 0 A/B, head visible  

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 2 32 -120 942377 0 A/B, very large form. Dissociated setae 

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 1 18 -120 942878 0 A/B, coiled, gut decaying in regions (black 

stain) 

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 1 26 -120 943165 0 A/B, coiled  

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 1 27 -120 943168 0 A/B 

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 2 12 -120 943179 0 1 Slab,  

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 1 28 -120 943206 0 1 Slab, coiled  

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 1 18 -120 943228 0 A/B, strange parapodia alignment, black 

stain at posterior 

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 3 37 -120 943230 0 A/B, worm shape, some setae?  

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 1 18 -130 943244 0 A/B, coiled 

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 1 14.5 -130 943249 0 A/B  

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 1 17 -120 943250 0 A/B 

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 1 32 -120 943290 0 A/B, coiled, head visible  

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 1 21 -130 943368 0 A/B, yellow halo  

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 1 6 + 5 951196 0 A/B, very small specimen  

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 1 26 0cm 951565 1 Slab A, preserved as a cuticle bag?  

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 2 18 0cm 951605 1 A/B, coiled, yellow “halo” 

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 1 24 0cm 951636 1 Slab A, coiled, head? 

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 1 18 0cm 951637 1 A/B. Marella sp. right beside posterior  

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 1 6 -130 940816 0 1 Slab, small fragment 

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 1 28 -130 940922 0 A/B, cuticle sac?  

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 3 12 -130 941276 0 A/B, black staining with some smearing, 

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 1 24 -130 941282 0 A/B, some dissociated setae? 

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 1 11.5 0cm 971421 1 1 Slab, small fragment 

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 1 22.5 -130 941425 0 A/B 

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 1 8 -130 941433 0 A/B 



 

 

 

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 2 7 -130 941950 0 A/B, small fragment 

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 1 13 -130 942142 0 A/B, dissociated setae 

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 1 11 -130 942161 0 1 Slab 

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 1 8 -130 942320 0 1 Slab 

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 1 15.5 -130 942653 0 A/B, broken setae, dissociated 

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 1 16 -130 943081 0 1 Slab, coiled  

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 1 15 -130 943120 0 A/B, head? 

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 3 15 & 3.5 +170 970566 0 A/B, 2 parts, one fragment with setae and 

one large worm shape smearing 

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 1 10 0cm 970910 1 A/B 

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 1 19 0cm 970943 1 A/B, with Marella 

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 1 13 0cm 971223 1 A/B, 1 branch of setae dissociated  

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 2 12 0cm 971467 6 A/B, damaged posterior, black stain  

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 2 8 0cm 973033 2 1 Slab 

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 1 9.5 -130 940523 0 A/B 

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 1 34 -130 940532 0 A/B 

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 1 23 -130 940537 0 A/B, dissociated setae 

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 1 10 -130 940544 0 A/B 

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 1 11 -130 940615 0 A/B, unsupported gut? 

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 1 14 -130 940780 0 A/B,  

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 1 16 -120 943299 0 A/B 

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 1 16 -120 943359 0 A/B with other fossil remains 

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 1 34 -120 943361 0 A/B 

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 1 26 -120 943474 0 A/B coiled 

Burgessochaeta setigera BW: Fossil Ridge: Yoho National Park 1 15 -120 942506 0 A/B coiled  
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At + A-O2  Day 0 (0 Hrs) Day 1 (24 Hrs) Day 2 (48 Hrs) Day 3 (72 Hrs) Day 4 (96 Hrs) Day 5 (120 Hrs) 

  Burrow Activity Burrow Activity Burrow Activity Burrow Activity Burrow Activity Burrow Activity 

T1 Semi-

vertical 

Posterior 

exposed at 

surface 

Wide U-shape 

shallow with 

chimney 

Chimney lined 

with mucus, 

mucus net at 

surface 

Straight 

vertical 

almost to 

end of tank 

Still 1 chimney 

with mucus at 

this region 

Deep U-

shape 

Bio-irrigation, 

mucus lined 

chimney 

Vertical 

Semi-

vertical 

burrow 

Smaller 

amounts of 

mucus, bio-

irrigation, sed-

displacement 

Almost S-

shape 

burrows 

Some burrows 

have been 

infilled with 

sed. Mucus 

and sed-

displacement 

T 2 Straight 

vertical 

Burrowed 

vertically 

Shallow U-

shape burrow 

1x chimney, 

small amounts 

of mucus 

Deep-U 

shape to 

bottom of 

tank 

Mucus nets on 

chimneys 

Deep-U 

shape 

burrow 

Mucus lined 

surface and 

nets x3 

chimneys 

Deep J 

shape, 

straight 

vertical 

down side 

Mucus lines 

surface and 

one net 

Deep U 

shape 

burrow, 

straight-

vertical 

Mucus lines 

burrows and 

surface 

T 3 none Lay on top 

surface 

Straight-

vertical down 

side 

Mucus align 

sed surface, 

sed-

displacement 

Straight-

vertical 

down side 

of tank 

Mucus all 

along chimney 

Straight-

vertical 

burrow. 

May be 

formed to 

U 

1x chimney 

with mucus 

lined opening 

Straight-

vertical, 

semi 

vertical U 

near 

surface 

X3 chimneys, 

mucus lined 

burrows, 1x 

mucus net 

2x Small U 

shape 

burrows, 

Shallow J-

shape, 

straight-

vertical 

4-6 chimneys, 

mucus lined 

burrows, J-

shape infilled 

with sed 

T 4 none Lay on sed 

surface 

Sub-horizontal Semi-

burrowed, 1x 

chimney 

Sub-vertical 1x chimney Sub-

vertical. 

Straight 

vertical 

burrow 

Inside sub-

horizontal 

burrow, x2 

chimneys, 

mucus aligned 

burrow 

Deep U-

shape 

(slightly 

tilted), 

deep U-

shape to 

bottom of 

tank 

Bio-irrigation 

in deep U 

burrow, 

mucus aligned 

burrows and 

chimney (x1) 

Deep-U 

shape, semi-

horizontal, 

slant U 

shape 

Chimneys x2, 

mucus aligns 

burrows and 

around 

chimneys 

T 5 Left- 

vertical to 

bottom 

Burrowed 

vertically to 

bottom of 

tank 

(2x Straight-

vertical) deep, 

narrow U-

shape 

Mucus nets at 

2x chimneys, 

lies in burrow 

Deep and 

mid U-shape 

burrows 

Mucus aligns 

burrows, bio-

irrigation 

observed, 2x 

chimneys with 

nets 

Deep and 

mid U-

shape 

burrows 

Mucus aligns 

burrows, I 

mucus net, 2x 

chimneys, bio-

irrigation in 

burrow 

Deep U 

(reaches 

bottom of 

tank) and 

mid U 

shape 

Polychaete in 

deep U shape, 

x2 chimneys, 

ix mucus net, 

bio-irrigating,  

Deep- U and 

Mid U 

connected 

Polychaete 

seen in 

burrow, 

mucus aligns 

burrows, x2 

chimneys, 1x 

mucus net 



 

 

 

burrows - 

connected 

T 6 Semi-

vertical 

Posterior 

remains 

exposed 

from 

burrowing 

Deep-straight 

vertical 

Small amounts 

of mucus align 

burrow, 1 x 

chimney 

2 straight 

vertical 

burrows 

2 Chimneys, 

not as much 

mucus 

Two 

slanted 

vertical 

burrows 

on one 

side and 

straight on 

other side, 

now more 

S-shape 

Polychaete can 

be seen in 

burrow, piece 

of polychaete 

lying on sed-

water 

interface 

Two 

slanted, 

vertical 

burrows 

Sed-infilled 

burrows, 

many 

chimneys on 

surface, 

mucus nets 

Extensive 

burrow 

network. 

Deep, 

slanted U 

and V 

shaped 

burrows 

2 chimneys, 

sed-

reworking, 

infilled 

burrow, 

mucus-lined 

burrows, 

small mucus 

nets 

T 7 Semi-

vertical 

Half 

burrowed 

into 

sediment 

S-shape  Still only half 

burrowed into 

sediment, 

some mucus 

lines chimney 

region 

Shallow U-

shape 

burrow and 

straight-

vertical 

burrow 

2x chimneys, 

mucus lined 

surface and 

nets, can see 

polychaete in 

burrow 

Deep-U, 

shallow-U 

and small 

horizontal 

Can see 

polychaete in 

deep-U 

burrow, 

mucus aligns 

the surface, 

mucus nets, x2 

chimneys, sed-

displacement 

Extensive 

network- 

Long J-

shape 

connected 

to straight 

vertical, 

shallow-U 

burrow, 

extensive 

deep-U 

shape  

Mucus aligns 

surface, X3 

chimneys, sed-

displacement 

Deep-U to 

bottom of 

tank, small-

U connected 

to top, 

possible 

horizontal 

Chimneys x3, 

sed infills 

some 

burrows, 

mucus 

T 8 No 

burrow 

Stays 

nestled atop 

sed-surface 

Shallow-U 

shape burrow 

Mucus nets, x2 

chimneys 

Extensive 

burrow 

network 

Mucus nets, 

one burrow 

aligned with 

mucus, x4 

chimneys 

Extensive 

network 

 Extensive 

network 

Mucus lines 

burrows, x4 

chimneys 

Deep-U 

shape to 

bottom of 

tank, 

horizontal, 

Y-shape, 

connecting 

tunnels 

Polychaete in 

deep U shape 

burrow, x4 

chimneys,  



 

 

 

T 9 U shape 

burrow 

Shallow 

burrowing 

into 

sediment 

Sub-horizontal 

u burrow 

Mucus net, 

sed-

displacement, 

polychaete 

seen in 

burrow 

Top-right 

sub-

horizontal 

burrow 

Polychaete has 

posterior on 

surface, 

mucus lines 

burrow and 

has net, sed-

displacement 

Sub-

horizontal 

and 

straight 

burrow – 

possibly 

connected 

Polychaete in 

bottom of 

tank, mucus 

nets, sed-

displacement 

Deep U 

shape 

burrow, 

vertical 

and sub-

horizontal 

Polychaete at 

bottom of 

tank, mucus 

lines sed 

surface, x2 

chimneys 

Deep U 

shape, sub 

large 

vertical, 

possible 

straight-

vertical, 

small 

horizontal 

burrows 

Mucus lines 

sed-surface, 

chimneys x2, 

polychaete at 

bottom of 

tank 

T 10 No 

burrow 

No activity Y-shape 

burrow 

X3 chimneys, 

a lot of mucus 

lines the 

surface, sed 

displacement 

and infill in 

burrow 

Y-shape 

burrow, 

small-

straight 

vertical and 

large U on 

other side-

may be 

extension of 

Y-shape 

X3 chimneys, 

sed-

displacement, 

mucus lines 

surface, 

polychaete in 

large U-shape 

Extensive 

network 

establishe

d. Y-

shape, x2 

small 

straight 

verticals, 

large Y 

shape 

X4 chimneys, 

mucus nets 

and lines 

surface, sed-

displacement 

Extensive 

network 

X4 chimneys, 

mucus nets, 

mucus-lined 

burrows 

Extensive 

connecting 

network 

X 3 chimneys, 

mucus-lined 

burrows, sed-

displacement 

             

A-T + A-O2  Day 0 (0 Hrs) Day 1 (24 Hrs) Day 2 (48 Hrs) Day 3 (72 Hrs) Day 4 (96 Hrs) Day 5 (120 Hrs) 

 Burrow Activity Burrow Activity Burrow Activity Burrow Activity Burrow  Activity Burrow Activity 

NT 

1 

No 

burrow 

Lay nestled 

on mud 

surface 

I-Vertical Posterior 

exposed at 

chimney 

Sallow U 

burrow 

X2 chimneys, 

mucus line 

burrow 

Deep U 

burrow 

right to 

bottom of 

tank 

X2 chimneys 

with some 

mucus  

Mid-

horizontal 

burrow, 

Deep-U 

burrow 

Less mucus, 

difficult to see 

chimneys 

Shallow U 

shape 

Possible 

chimneys, 

mucus in 

burrow 

NT 

2 

Straight-

vertical 

Burrowed 

vertically 

Sub-vertical, 

S-shape 

No activity Deep J 

shape 

Burrow 

Mucus nets, 

large 

chimneys, 

burrow 

reworked on 

left side 

Deep J 

shape 

right to 

bottom of 

tank 

X2 chimneys, 

mucus lines 

inside of one 

burrow 

Sub-

vertical, 

deep J 

shape 

Pellets on 

surface? 

Mucus lines 

inside of 

burrows & 

surface, Bio-

irrigation 

Large-U 

burrow 

reaches end 

of tank 

Lined mucus 

burrows, 

chimneys 



 

 

 

NT 

3 

Straight-

vertical 

Immediately 

Burrowed 

vertically 

Wide-U shape 

at bottom of 

tank 

Sed-

displacement, 

x2 chimneys 

Extensive 

burrow 

network, 

wide-deep u 

shape, 

horizontal 

shallow 

Bio-irrigation, 

x2 chimneys 

Extensive 

network, 

U-shape 

burrow 

Mucus aligns 

burrows, sed-

displacement 

Extensive 

U shape 

network 

X2 chimneys, 

mucus lined 

burrows, sed-

displacement 

Deep U 

shape 

system 

2x chimneys, 

sed-

displacement 

NT 

4 

none Lay on top 

surface of 

sed 

Semi-deep U 

shape  

Sed-infill in 

burrow, x2 

chimneys 

Extensive 

network, 

vertical/semi

-vertical 

&possible U 

none Sub-

vertical, 

straight 

vertical 

alongside 

tank  

Mucus net on 

the newer 

formed 

vertical 

burrow, x2 

chimneys, 

some sed-

displacement 

Straight-

vertical 

infilled, x2 

sub-

horizontal 

burrows 

Mucus aligned 

burrow, sed-

displacement 

next to 

chimneys 

Straight-

vertical 

infilled 

burrow, S-

shape to 

bottom, sub-

horizontal 

Mucus lines 

burrows and 

chimneys, 

polychaete 

lying at 

bottom, sed-

displacement 

NT 

5 

Straight-

vertical 

Burrowed 

vertically 

X1 horizontal 

and x1 sub-

vertical 

burrows 

Sub-vertical 

burrow 

aligned with 

mucus 

1x straight 

vertical 

down side 

of tank, 1x 

sub-vertical, 

1x 

horizontal 

Burrows 

aligned with 

mucus 

1x sub-

vertical, 1x 

straight 

vertical, 

both 

connected 

by 

horizontal 

Mucus nets at 

top of 

burrows 

T shape, 

shallow u 

is 

extensive 

network, 

vertical 

burrows 

down side 

of tank 

Mucus nets, 

mucus aligned 

burrows, sed-

displacement, 

chimneys 

Extensive 

burrow 

network. 

Mid-deep u, 

straight 

vertical 

+connecting 

pathways 

Mucus 

aligned 

burrows, 

mucus nets, 

sed-

displacement, 

x3 chimneys 

NT 

6 

Vertical Buried 

vertical into 

sediment 

Vertical (?) Mucus aligns 

the sediment 

surface, sed 

reworking at 

the chimney 

X2 deep 

vertical 

Mucus aligns 

the surface 

and chimneys, 

sed-

displacement 

Deep 

vertical x2, 

one 

changing 

to Y shape 

Polychaete lies 

motionless on 

the surface 

(unless 

prodded) 

Deep U-

shape, 

possible 

shallow U-

shape, x2 

chimneys 

Polychaete is 

in bottom of 

deep-U, sed-

displacement 

with infilled 

burrow, 

posterior on 

top surface 

Deep U, 

possible 

shallow Y 

shape or S 

Can be seen in 

deep-U shape 

burrow, piece 

of polychaete 

still lies on 

sed surface 

NT 

7 

S-shape 

burrow 

Burrowed 

into 

sediment 

Deep-J shape 

burrow 

Mucus lines 

surface, x2 

chimneys 

Deep U-

shape, small 

J-shape, 

deep s-

Sed-reworked 

on top surface, 

some mucus 

Extensive 

network- 

Deep-S 

shape, 

Mucus nets 

and mucus 

lined burrows, 

Deep-S 

and U 

shape 

burrows, 

Segment of 

polychaete lies 

on surface. X3 

chimneys, 

Deep-U and 

-S shape 

burrows, 

X3 chimneys, 

sed-infilled 

burrow, 

mucus-lined 



 

 

 

shape (other 

side) 

lines burrows, 

x2 chimneys 

Deep U 

shape and 

small-

straight 

vertical 

sed-

displacement 

small-

straight 

vertical 

burrow 

mucus nets, 

mucus-lined 

burrows 

possibly 

connected 

burrows. 

Polychaete 

segment still 

on surface 

NT 

8 

Sub-

vertical 

burrow 

Burrowed 

into 

sediment 

Vertical 

burrow 

Posterior 

exposed at 

surface, large 

extensive 

mucus net 

along surface 

and tank 

No burrows 

observed 

Polychaete 

segment lies 

on top surface, 

some mucus 

on sediment 

surface 

DEAD -

Polychaete 

found 

dead- Foul 

smell 

     

NT 

9 

Straight-

vertical 

burrow 

Burrowed 

straight 

down side 

of tank 

Straight-

vertical, 

possible small 

straight 

vertical 

No activity Small 

vertical 

burrow 

X1 chimney W-shape 

mid-depth 

burrow, 

straight-

vertical 

burrow 

X1 chimney W-shape 

at mid-

depth 

X2 chimneys, 

polychaete 

observed in 

burrow 

W-shape has 

changed to a 

wiggly T 

shape and 

straight 

vertical 

X2 chimneys, 

polychaete 

observed in 

burrow 

NT 

10 

Straight-

vertical 

Burrowed 

into 

sediment 

Large-deep U 

shape burrow 

Polychaete 

wondering on 

sed-surface, x3 

chimneys, 

mucus nets 

Shallow and 

deep large-

U shape 

burrows 

Bio-irrigating 

in shallow u 

burrow, 

posterior out 

on sed surface, 

chimney’s x3, 

mucus nets 

Extensive 

network- 

Large and 

shallow U 

shape, 

small Y 

connected 

to large U 

shape 

X3 chimneys, 

less mucus 

Extensive 

network U 

and Y 

shapes 

and one 

sub 

vertical 

X4 chimneys, 

mucus at 

chimney 

entries 

Highly 

extensive, 

connecting 

network. U, 

Y and sub-

vertical 

burrows 

X4 chimneys, 

mucus-lined 

burrows, sed-

displacement 

           

Lt + A O2 Day 0 (0 Hrs) Day 1 (24 Hrs) Day 2 (48 Hrs) Day 3 (72 Hrs) Day 4 (96 Hrs) Day 5 (120 Hrs) 

 Burrow Activity Burrow Activity Burrow Activity Burrow Activity Burrow Activity Burrow Activity 

T1 Straight 

Vertical-

downside 

Burrowed 

down side 

of tank 

Straight-

vertical 

X1 chimney, 

polychaete 

observed in 

burrow 

Y-shape 

burrow 

X1 chimney, 

mucus nets on 

surface 

Deep-Y 

shape 

burrow, 

shallow U-

shape 

Polychaete 

observed in 

burrow with 

segment lying 

on top surface, 

Mid-U 

shape, Y-

shape and 

possible 

elongate J 

Mucus lines 

burrows and 

surface, sed-

displacement, 

x2 chimneys 

Mid-U 

shape, Y-

shape, 

Large-J 

shape 

Mucus net, 

sed-

displacement, 

x2 chimneys 



 

 

 

mucus nets, x2 

chimneys 

shape at 

bottom of 

tank. 

T2 No 

burrow 

Lay on the 

top surface 

of sediment 

Shallow U-

shape 

Sed-

displacement, 

x1 chimney 

Shallow U-

shape 

burrow 

Sed-

displacement, 

mucus lines 

burrow 

X2 

shallow U-

shape 

connecting 

burrows 

Posterior 

segment 

disarticulated, 

a lot of sed-

displacement, 

mucus lines 

burrows, x3 

chimneys 

Shallow 

horizontal/

U shape 

burrow 

across 

width of 

tank 

X3 chimneys, 

p [posterior 

segment still 

lies on top 

surface, 

mucus lines 

burrows 

Shallow 

horizontal/U

-shape 

burrow. 

Along 

interface of 

sand and 

mud 

sediment 

X4 chimneys, 

mucus lines 

burrows, 

posterior 

segment lies 

on sediment 

surface 

T3 Straight-

vertical 

Burrowed 

vertically 

into 

sediment 

Shallow U-

shape burrow 

X2 chimneys, 

sed-

displacement 

Shallow U-

shape 

burrow 

X2 chimneys, 

bio-irrigation, 

sed-

displacement 

Shallow 

U-shape 

with small 

horizontal 

burrow 

attached 

Mucus lines 

burrows. Sed-

displacement, 

x2 chimneys 

Shallow 

U-shape 

with 

connecting 

horizontal 

burrow 

Mucus lines 

burrows, x2 

chimneys, 

same sed-

displacement 

X2 Shallow 

U-shape 

burrow with 

one 

connecting 

horizontal,  

Chimneys x3, 

less mucus in 

burrow, no 

new sed-

displacement 

T4 Straight-

vertical 

Polychaete 

tried to 

escape tank 

before it 

began to 

burrow 

Shallow U-

shape, deep U-

shape 

Mucus net, x2 

chimneys, sed-

displacement 

Shallow and 

deep U-

shape 

burrows – 

possibly 

connected 

Mucus net at 

chimneys (x2), 

a lot of sed-

displacement 

Shallow 

and deep 

U -shape 

burrows 

Mucus nets, 

chimneys x2, 

same sed-

displacement  

Shallow 

U- x2, 

deep U – 

possibly 

connected 

to new 

shallow U-

shape 

Chimneys x3, 

sed-

displacement 

at new 

burrow, 

mucus nets 

Extensive 

network- 

Deep, mid U 

shape 

burrows, 

shallow U 

and shallow 

straight 

vertical  

Chimneys x4, 

mucus nets 

and mucus 

lined burrows 

T5 No 

burrow 

Lay on top 

surface of 

sediment 

Straight-

vertical 

Semi-

vertically 

burrowed, 

sed-

displacement, 

posterior lies 

on surface 

Shallow U-

shaped 

burrow 

Mucus net 

along surface, 

posterior 

exposed, sed-

displacement 

Deep U-

shape 

burrow, 

shallow U-

shape 

burrow 

Polychaete 

observed in 

shallow 

burrow, 

chimneys x3, 

sed-

displacement 

Deep U 

shape, 

shallow-U 

shape 

burrows 

Posterior 

exposed in 

shallow 

burrow, 

chimneys x4, 

sed-

displacement 

Deep U-

shape, 

shallow U-

shape 

burrows 

Sed-

displacement, 

chimneys x4, 

mucus lines 

burrows 

T6 Sub-

vertical 

Tried to 

escape, 

Deep J -shape 

to end of tank, 

Mucus nets 

lined surfaces, 

Deep J-

shape, 

Mucus on 

surface, 

Deep U-

shape, 

Mucus on 

surface, 

Small 

shallow U-

Mucus lines 

on surface, 

Small 

shallow U-

Polychaete 

crawling on 



 

 

 

crawled 

along tank 

back & 

forth, 

eventually 

burrowed 

small shallow-

U shape 

sed-

displacement, 

chimneys x3,  

possible 

smaller 

burrows- 

maybe 

vertical 

chimneys x2, 

sed-

displacement 

small 

shallow U-

shape 

burrows 

chimneys x3, 

sed-

displacement, 

polychaete 

feeding on 

surface 

shape, 

deep U-

shape 

burrows 

same sed-

displacement, 

chimneys x3, 

polychaete on 

surface 

shape, small 

straight 

vertical, sub-

vertical 

surface, 

chimneys x4, 

mucus lines 

sed surface 

T7 Straight-

vertical 

Lay on the 

surface for 

some time 

then 

burrowed 

vertically 

Mid J-shape 

burrow down 

side of tank 

X1 chimney, 

can be seen in 

J shape 

burrow 

Mid J shape 

burrow 

Polychaete 

seen in 

burrow, 

chimney x1, 

small amount 

of mucus on 

surface, 

posterior at 

chimney 

entrance 

Mid-U 

shape 

burrow 

Chimneys x2, 

mucus lines 

surface, traces 

on surface 

Mid U-

shape 

burrow 

Mucus nets, 

chimney x1, 

polychaete 

seen in 

burrow 

Mid U-

shape 

burrow 

Chimney x1, 

mucus net at 

chimney, 

mucus lines 

surface 

T8 Straight 

vertical 

Attempted 

to escape 

tank then 

eventually 

burrowed 

Straight 

vertical down 

side of tank 

Chimney x1, 

posterior 

observed at 

chimney 

entrance 

Small 

straight 

vertical, 

mid-depth 

straight 

vertical  

Mucus lines 

surface, 

chimneys x2, 

half of body 

on surface 

Shallow 

U-shape 

burrow, 

small 

straight 

vertical 

Chimneys x2, 

posterior at 

chimney 

surface, 

mucus lines 

surface 

Shallow 

U-shape, 

straight-

vertical 

Chimneys x2, 

posterior 

exposed at 

chimney 

surface, 

mucus lines 

surface, 

mucus net 

Small 

shallow U-

shape, deep 

U shape (to 

the bottom), 

straight 

vertical 

Chimneys x2, 

mucus lines 

surface 

T9 No 

burrow 

Lay on top 

surface of 

sediment 

Straight-

vertical down 

side of tank 

Posterior 

exposed at 

chimney, 

chimney x1 

Straight-

vertical to 

bottom of 

tank 

Posterior 

exposed, 

moving on 

surface, 

chimney x1  

Straight-

vertical 

burrow 

down side 

of tank 

Posterior 

exposed at 

surface, 

chimneys x1, 

mucus lines 

surface 

X2 straight 

vertical 

burrows 

on each 

side of 

tank 

Polychaete lies 

on top surface, 

chimneys x2, 

mucus lines 

surface 

X2 straight-

vertical 

burrows, 

one possibly 

J shaped 

Polychaete 

remains lying 

on the surface, 

chimneys x2, 

mucus lines 

surface  

T10 Straight-

vertical 

Burrowed 

vertically 

then re-

emerged 

and moved 

S-shape 

burrow 

Sed-

displacement, 

chimney x1 

Weak W 

shape 

burrow – 

cannot see s 

shape 

anymore 

Chimney x1 J-shape 

burrow,  

Cannot see 

polychaete, 

chimney x1 

J-shape 

burrow 

Observed 

polychaete in 

burrow, 

chimney x1 

Longer J-

shape 

burrow 

Chimney x1,  



 

 

 

along sed 

surface 

             

Lt + O2 Day 0 (0 Hrs) Day 1 (24 Hrs) Day 2 (48 Hrs) Day 3 (72 Hrs) Day 4 (96 Hrs) Day 5 (120 Hrs) 

 Burrow Activity Burrow Activity Burrow Activity Burrow Activity Burrow Activity Burrow Activity 

NT 

1 

Straight-

vertical 

burrow 

Burrowed 

and created 

mucus net 

Mid J-shape 

burrow 

Posterior 

exposed on 

surface, 

polychaete 

observed in 

burrow 

Y-shape 

burrow that 

reaches end 

of tank, mid-

U shape 

Mucus nets, 

chimney x1, 

exposed 

posterior at 

surface 

Mid-U-

shaped, 

shallow 

horizontal, 

deep Y-

shape, 

small 

straight-

vertical 

Segments of 

body lie 

disarticulated 

on the surface, 

mucus lines 

sed-surface, 

sed-

displacement 

infill into 

burrows 

Extensive 

network- 

X2 Y-

shape 

burrows, 

horizontal 

and sub-

vertical 

burrows 

Sed-

displacement, 

polychaete 

segments still 

on surface 

2 J-shape, 

horizontal, 

sub-vertical 

and x1 small 

J shape 

burrows 

Sed-

displacement 

down burrow, 

polychaete 

segment at 

surface 

NT 

2 

Straight-

Vertical 

Burrowed 

vertically 

Possible 

vertical 

burrow – 

difficult to 

distinguish 

1x chimney Possible 

vertical 

burrow-

difficult to 

distinguish 

1x chimney DEAD – 

Polychaete 

is in three 

segments 

on surface 

     

NT 

3 

No 

burrow 

Attempted 

to escape 

tank, created 

mucus 

Upside down 

L shape 

burrow almost 

to bottom of 

tank 

2x chimneys, 

mucus lined 

burrows 

Upside 

down L 

shape 

burrow 

X2 chimneys, 

mucus lined 

burrows 

Upside 

down L 

shape 

X3 chimneys, 

small amounts 

of mucus in 

burrow 

Upside 

down L 

shape 

burrow 

X3 chimneys, 

mucus lined 

burrows 

No change- 

Upside 

down L 

shape 

burrow 

X3 chimneys, 

mucus lined 

burrows 

NT 

4 

Straight-

Vertical 

Burrowed 

vertically 

Deep U-shape 

burrow 

Chimneys x2, 

sed-

displacement, 

mucus nets 

Deep U-

shape,  

Posterior 

exposed at 

surface, x1 

chimneys 

Deep U-

shape 

burrow 

X1 chimney, 

Polychaete 

observed in 

burrow 

Difficult to 

see – 

possible 

deep U or 

vertical  

Chimney x1 Possible 

deep vertical 

burrow 

Chimney x1  

NT 

5 

Straight-

vertical 

Burrowed 

vertically 

Mid U-shape 

burrow 

Bio-irrigation, 

sediment seen 

coming out of 

chimney, x2 

chimneys 

Possible 

deep U-

shape 

Bio-irrigation, 

sediment 

coming out of 

chimney, x2 

chimneys 

Deep U 

shape 

burrow 

Bio-irrigation, 

x2 chimneys, 

mucus lined 

burrow 

Deep U 

shape 

burrow 

X2 Chimneys, 

mucus lined 

burrow, 

polychaete in 

burrow 

Deep and 

mid U-shape 

burrows 

X2 chimneys, 

mucus lined 

burrow and 

some at 

chimney 



 

 

 

NT 

6 

Horizontal 

and 

vertical 

Burrowed 

into 

sediment 

Mid U-shape 

burrow 

Bio-irrigation, 

sed-

displacement, 

disarticulated 

posterior, 

chimney x1 

Mid U-

shape 

burrow 

Polychaete 

observed 

inside burrow, 

posterior 

segment on 

surface, 

chimneys x2 

Mid U-

shape 

burrow 

Posterior 

segment still 

on surface, 

mucus net, 

chimney x1 

Mid U-

shape 

burrow 

Mucus net, 

chimneys x2, 

posterior 

segment lies 

on sed surface 

Mid U shape 

burrow 

X2 chimneys, 

mucus net, 

exposed 

posterior 

NT 

7 

Sub-

vertical 

Burrowed 

into 

sediment 

Deep J-shape 

burrow to 

bottom of tank 

Polychaete 

observed in 

burrow, 

mucus nets, 

chimney x1, 

sed-

displacement 

Deep J 

shape 

burrow to 

bottom of 

tank 

Polychaete 

observed in 

burrow, x1 

chimney, 

mucus nets 

and lined 

burrows 

Deep J 

shape 

burrow to 

bottom of 

tank-

possibly 

deep U 

now 

connected 

to another 

J shape  

Polychaete 

observed in 

burrow, x2 

Chimneys, 

mucus nets 

Deep U 

shape 

burrow 

X2 Chimneys, 

mucus lined 

surface and 

nets, 

Polychaete 

observed in 

burrow 

Deep U 

shape 

burrow to 

bottom of 

tank 

Mucus nets, 

x2 chimneys, 

sed-

displacement, 

mucus lined 

surface 

NT 

8 

Straight-

vertical 

Burrowed 

into 

sediment 

Sub-vertical 

burrow/ J 

shape burrow 

X1 chimney, 

sed-

displacement, 

polychaete 

observed in 

burrow 

J shape 

burrow 

X1 chimney, 

mucus net, 

sed-

displacement 

Changed 

to mid U 

shape 

burrow 

X2 chimneys, 

mucus lined 

surface, sed-

displacement 

down 

chimney 

Deep U 

shape 

burrow 

X2 chimneys, 

mucus lines 

surface, 

mucus net, 

same sed-

displacement 

Deep U 

shape 

burrow 

X2 chimneys, 

mucus lines 

surface, same 

sed-

displacement 

NT 

9 

Straight-

vertical 

Burrowed 

vertically 

into 

sediment 

Deep U shape 

burrow that 

reaches 

bottom of tank 

X1 chimney Deep U 

shape 

burrow 

X1 chimney, 

polychaete 

observed in 

burrow 

Deep U 

shape 

burrow 

X1 chimney, 

polychaete 

observed in 

burrow 

Deep U 

shape 

burrow 

Mucus net at 

chimney, 

chimney x1, 

polychaete 

observed in 

burrow 

Deep U, 

possible 

horizontal 

on other 

side of tank 

See 9 (?) 

NT 

10 

Straight 

vertical 

Burrowed 

vertically 

down side 

of tank 

Straight 

vertical 

X1 chimney, 

polychaete 

observed in 

burrow 

Straight-

vertical 

burrow 

Sed-

displacement 

at chimney, 

exposed 

posterior, x1 

chimney 

Straight-

vertical 

burrow 

X1 chimney, 

mucus net at 

chimney, sed-

displacement 

Deep J-

shape 

burrow, 

shallow w 

shape 

X1 chimney, 

mucus net, 

sed-

displacement, 

polychaete 

Shallow U 

shape, deep 

J shape 

burrow 

X3 chimneys, 

mucus nets, 

posterior 

exposed 



 

 

 

observed in 

burrow 

             

Lt + 

Hypoxia 
Day 0 (0 Hrs) Day 1 (24 Hrs) Day 2 (48 Hrs) Day 3 (72 Hrs) Day 4 (96 Hrs) Day 5 (120 Hrs) 

 Burrow Activity Burrow Activity Burrow Activity Burrow Activity Burrow Activity Burrow Activity 

T 1 Straight 

vertical 

Attempted 

to escape 

tank, 

burrowed 

down side 

of tank 

Horizontal 

burrow 

Sed-

displacement, 

chimneys x2 

Horizontal 

burrow 

X2 chimneys, 

sed-

displacement, 

polychaete 

observed in 

burrow 

Wavy 

horizontal 

burrow 

X2 chimneys, 

sed-

displacement 

Shallow 

horizontal 

burrow 

X2 chimneys, 

sed-

displacement, 

polychaete 

observed in 

burrow 

Shallow U-

shape 

burrow, 

shallow 

horizontal 

burrow 

X3 chimneys, 

sed-

displacement, 

polychaete 

observed in 

burrow 

T2 Horizontal 

burrow 

Burrowed 

horizontally 

into 

sediment 

Shallow J-

shape burrow,  

Chimneys x2, 

sed-

displacement 

Shallow J 

shape 

burrow 

Chimney x1, 

mucus net, 

polychaete 

observed in 

shallow 

burrow 

Shallow U, 

Deep J-

shape 

burrow 

Chimney x1, 

mucus net, 

polychaete 

observed 

burrowing 

Shallow U 

shape, J 

shape 

burrows 

X3 chimneys, 

mucus nets, 

sed-

displacement 

down burrow 

Deep 

straight-

vertical, J-

shape, x2 

shallow U 

shape 

burrows 

Chimneys x3, 

mucus nets, 

same sed-

displacement 

T3 Straight-

vertical 

Burrowed 

vertically 

into 

sediment 

Straight-

vertical 

burrow 

X1 chimney, 

mucus net, 

observed in 

burrow 

Straight 

vertical 

burrow 

Chimney x1, 

mucus net, 

observed in 

burrow 

Possible U 

shape 

burrow 

Chimneys x2, 

mucus lined 

surface 

Possible U 

shape 

burrow 

Chimneys x2, 

mucus lined 

surface, 

polychaete 

observed in 

burrow 

Straight 

vertical 

burrow 

Chimney x1, 

mucus lined 

surface, 

polychaete 

observed in 

burrow, sed-

displacement 

T4 S shape 

burrow 

Burrowed 

horizontally 

and 

vertically 

Burrow S 

shape, mid-

depth 

Sed-

displacement, 

chimney x1, 

observed in 

burrow 

S-shape 

burrow at 

mid-depth 

X2 chimney, 

posterior 

exposed, sed-

displacement 

Shallow U 

and J 

shape 

burrow 

X5 chimneys, 

moving 

through 

tunnels, sed-

displacement 

X2 

shallow U 

shape, 

sub-

vertical 

burrow 

Chimneys x4, 

sed-

displacement 

Shallow J 

shape, U 

shape 

burrow 

X4 chimneys, 

sed-

displacement, 

polychaete 

moving 

through 

tunnels 



 

 

 

T5 Horizontal 

burrow 

Burrowed 

horizontally 

into 

sediment 

Upside down 

L shape 

burrow 

X1 chimney, 

sed-

displacement, 

polychaete 

observed in 

burrow 

Upside 

down L 

shape, x2 

vertical 

burrows 

Chimney x3, 

bio-irrigation, 

sed-

displacement, 

observe in 

vertical 

burrow 

U shape 

burrow, 

horizontal 

burrow 

Chimneys x3, 

sed-

displacement 

U shape 

and 

shallow u 

shape 

burrow 

X2 chimney, 

sed-

displacement, 

mucus lined 

surface 

Vertical 

burrow, 

shallow U 

shape 

X2 chimney, 

sed-

displacement, 

mucus lined 

surface 

T6 Straight 

vertical 

Burrowed 

vertically 

into 

sediment 

Mid- deep J 

sub-vertical 

burrow 

Observed in 

burrow, x1 

chimney, sed-

displacement 

Mid-deep J 

shape 

burrow 

Mucus nets, x1 

chimney,  

Deep J 

shape 

burrow 

X1 chimney, 

mucus around 

chimney, 

observed in 

burrow 

Deep J 

shape 

burrow 

Mucus lined 

surface, x1 

chimney, 

polychaete 

head peeping 

out 

Deep J 

shape 

burrow 

Mucus lined 

surface, x1 

chimney 

T7 Shallow 

horizontal 

Burrowed 

horizontal 

and shallow 

Shallow U 

shape 

X1 chimney, 

mucus net, 

sed-displaced 

down to 

burrow 

Shallow and 

horizontal U 

shape 

burrow 

Mucus net, x2 

chimney, sed-

displacement 

down new 

burrow 

Shallow 

horizontal, 

shallow U 

shape 

burrow 

Sed-

displacement 

down burrow, 

x2 chimneys 

Shallow 

horizontal, 

U shape 

Burrow 

Sed-

displacement 

down both 

burrows, x2 

chimneys 

Shallow 

horizontal, 

U shape 

burrow 

Mucus lined 

burrow, x2 

chimney, 

same sed-

displacement 

Tak

e 2 

Burrow Activity Burrow Activity Burrow Activity Burrow Activity Burrow Activity Burrow Activity 

T1 Straight 

vertical 

Burrowed 

vertically 

down side 

of tank, 

posterior 

exposed 

Straight-

vertical 

burrow 

X1 chimney, 

sed-

displacement, 

posterior 

exposed 

Straight 

vertical 

Sed-

displacement 

down burrow 

Straight 

vertical 

burrow 

Half of body 

out of burrow 

on sed surface 

Straight 

vertical 

burrow 

Chimney x1, 

posterior 

laying on sed 

surface 

Straight 

vertical 

burrow 

X1 chimney, 

laying on top 

surface of 

sediment, sed-

displacement 

T2 Shallow 

vertical 

Burrowed 

shallow into 

sediment 

Straight 

Vertical 

Burrow 

Observed in 

burrow 

Straight 

vertical 

burrow 

Lying coiled 

on top surface 

of sediment 

Small 

straight 

vertical 

burrow 

Laying on top 

surface of 

sediment, 

coiled, slow 

response 

Small 

straight 

vertical 

burrow 

Laying on top 

surface of 

sediment, 

chimney x1 

Mid-depth 

straight 

vertical 

burrow 

X1 chimney, 

laying on top 

surface of 

sediment 

T3 No 

burrow 

Lay on top 

surface of 

sediment 

Sub-vertical 

burrow 

Lying on top 

surface of 

sediment 

Sub-vertical 

burrow 

Lying on top 

surface of 

sediment 

Small, 

sub-

vertical 

burrow 

Lying on top 

surface of 

sediment 

Small sub-

vertical 

burrow 

Lying on top 

surface of 

sediment 

Cannot see 

any burrows 

Lying on top 

surface of 

sediment 



 

 

 

T4 No 

burrow 

Lay on top 

surface of 

sediment 

Straight 

vertical 

burrow 

X1 chimney, 

observed in 

burrow down 

side of tank 

Straight 

vertical 

burrow 

Observed in 

burrow, 

chimney x1 

Straight 

vertical 

burrow 

Observed half 

out of burrow, 

chimney x1 

Straight 

vertical 

burrow 

Lying on top 

surface, sed-

displacement, 

chimney x1 

Straight 

vertical 

burrow 

X1 chimney, 

Lying on top 

surface of 

sediment 

T5 No 

burrow 

Lay on top 

surface of 

sediment 

Possible 

vertical 

straight 

burrow 

No activity Straight 

vertical 

burrow 

No activity Straight 

vertical 

burrow 

Chimney x1 Straight 

vertical 

burrow 

Lying on top 

surface of 

sediment, sed-

displacement 

Straight 

vertical 

burrow 

Lying on top 

surface of 

sediment 

T6 No 

burrow 

No activity Straight 

vertical 

burrow 

Posterior 

exposed, x1 

chimney, sed-

displacement, 

mucus 

Straight 

vertical 

burrow 

Chimney x1, 

exposed 

posterior 

Straight 

vertical 

burrow, x1 

horizontal 

burrow in 

sand layer 

Lying on top 

surface of 

sediment, 

mucus line 

surface, 

chimney x1 

Straight 

vertical 

burrow, x1 

horizontal 

burrow in 

sand layer 

X1 chimney, 

mucus lined 

surface, 

observed in 

horizontal 

burrow 

Straight 

vertical 

burrow, x1 

horizontal 

burrow in 

sand layer 

X1 chimney, 

mucus lined 

surface, 

observed in 

horizontal 

burrow 

T7 Straight 

vertical 

burrow 

Burrowed 

vertically 

down side 

of tank 

Straight 

vertical 

burrow 

No activity Straight 

vertical 

burrow 

X1 chimney, 

observed in 

burrow 

Straight 

vertical 

burrow 

X1 chimney, 

sed-

displacement, 

exposed 

posterior 

Straight 

vertical 

burrow 

X1 chimney, 

sed-

displacement, 

lying on top 

surface of 

sediment 

Straight 

vertical 

burrow 

X1 chimney, 

lying on top 

surface of 

sediment, 

same sed-

displacement 

T8 No 

burrow 

Lay on top 

surface of 

sediment 

No burrow Lying on top 

surface of 

sediment, sed-

displacement 

Straight 

vertical 

burrow 

Chimney x1, 

observed in 

burrow 

Straight 

vertical 

burrow 

Chimney x1, 

sed-

displacement, 

observed in 

burrow 

Straight 

vertical 

burrow 

Lying on top 

surface of 

sediment, 

chimney x1 

Straight 

vertical 

burrow 

Chimney x1, 

crawling 

around on 

surface, sed-

displacement,  

             

Lt + 

Hypoxia 
Day 0 (0 Hrs) Day 1 (24 Hrs) Day 2 (48 Hrs) Day 3 (72 Hrs) Day 4 (96 Hrs) Day 5 (120 Hrs) 

 Burrow Activity Burrow Activity Burrow Activity Burrow Activity Burrow Activity Burrow Activity 

NT 

1 

Straight 

vertical 

Burrowed 

down side 

of tank 

Shallow 

Horizontal 

burrow  

Sed-

displacement, 

mucus net, 

chimney x2 

Shallow 

horizontal 

burrow 

Chimneys x2, 

polychaete out 

on sed surface, 

mucus net, 

sed-

displacement 

Sub-

vertical 

burrow 

Sed-

displacement, 

mucus nets 

and mucus 

lined surface, 

chimney x2 

  Horizontal 

burrow 

Sed-

displacement, 

mucus nets, 

x2 chimneys 



 

 

 

NT 

2 

Straight 

vertical 

Burrowed 

down side 

of tank 

Straight 

vertical 

burrow 

X1 chimney, 

some sed-

displacement, 

lay  

Straight-

vertical 

Polychaete 

observed on 

sed surface, x1 

chimney, 

mucus lined 

surface 

Straight 

vertical 

burrow 

X1 chimney, 

mucus lined 

surface 

Straight 

vertical 

and 

shallow U-

shape 

burrow 

X2 chimney, 

sed-

displacement, 

mucus lined 

surface 

Straight-

vertical, 

small 

shallow U-

shape 

burrow 

Mucus-lined 

surface, x1 

chimney 

NT 

3 

Straight 

vertical 

Burrowed 

vertically 

into 

sediment 

Possible 

vertical 

burrow 

Some sed-

displacement 

Straight-

vertical 

burrow 

Chimney x1, 

polychaete 

observed in 

burrow 

Straight-

vertical 

burrow 

Mucus lined 

surface, 

chimney x1 

Straight-

vertical 

burrow 

Mucus lined 

surface, 

chimney x1 

Straight 

vertical 

burrow 

Mucus lined 

surface, 

chimney x1 

NT 

4 

Straight-

vertical 

Burrowed 

vertically 

into 

sediment 

Straight 

vertical 

burrow 

X1 chimney, 

observed in 

burrow 

Straight-

vertical 

burrow 

Mucus lined 

surface, x1 

chimney, 

observed in 

burrow 

Straight 

vertical 

now 

possibly U 

shape 

Mucus lined 

surface, 

chimneys x2, 

observed in 

burrow 

Straight 

vertical, 

small U-

shape 

burrow 

Chimneys x3, 

mucus lined 

surface 

Straight 

vertical 

burrow, 

small 

shallow U 

shape  

X2 chimneys, 

mucus lined 

surface sed 

displacement 

NT 

5 

Sub-

vertical 

burrow 

Burrowed 

sub-

vertically 

into 

sediment 

S shape 

burrow 

X1 chimney, 

sed-

displacement 

S and L 

shape 

burrows 

X2 chimneys, 

sed-

displacement, 

mucus nets at 

chimney 

Deep U 

shape, Y 

shape 

burrow 

X2 chimneys, 

mucus lined 

surface 

Deep U 

and Y 

shape 

burrows 

X1 chimney, 

mucus lined 

surface and 

burrow, sed-

displacement 

Deep Y and 

U shape 

burrow 

X1 chimney, 

mucus lined 

burrow 

NT 

6 

Straight 

vertical 

Burrowed 

vertically 

into 

sediment 

Deep U shape 

burrow 

X1 chimney, 

sed-

displacement,  

X2 deep U, 

x1 shallow 

U shape 

burrows 

Mucus lined 

surface, sed-

displacement, 

x4 chimneys, 

observed in 

burrow 

X2 deep U 

shape, 

shallow U 

shape 

burrow 

X2 chimneys, 

mucus lined 

surface 

X2 Deep U 

shape 

burrow, 

X2 chimneys, 

mucus lined 

surface, 

Polychaete out 

of burrow 

Deep U 

shape 

burrows x2 

X2 Chimney, 

mucus lined 

surface, 

polychaete 

observed 

outside 

burrow 

NT 

7 

No 

burrow 

Lay on top 

surface of 

sediment 

Shallow and 

mid-depth U 

shape burrow 

Polychaete 

crawling on 

surface, sed-

displacement, 

x3 chimney 

X2 shallow 

U shape 

burrow 

Posterior 

exposed, x2 

chimney, sed-

displacement 

X2 

shallow U 

shape 

burrow 

Posterior 

exposed, x2 

chimney, sed-

displacement 

X2 

shallow U 

shape 

X2 chimney, 

sed-

displacement 

Shallow U, 

mid-depth J 

shape 

burrow 

X2 chimney, 

sed-

displacement, 

exposed 

posterior 

Tak

e 2 

Burrow Activity Burrow Activity Burrow Activity Burrow Activity Burrow Activity Burrow Activity 



 

 

 

NT 

1 

Straight 

vertical 

Burrowed 

vertically 

Shallow U 

shape burrow 

X1 Chimney, 

sed-

displacement, 

observed in 

burrow 

Shallow sub-

vertical 

Polychaete lay 

on top surface 

Shallow 

sub 

vertical 

Laying on top 

surface, 

unresponsive, 

sed-infilled 

burrow 

Shallow 

sub 

vertical 

burrow 

Laying on top 

surface of 

sediment, x2 

chimneys 

Shallow sub 

vertical 

burrow 

Laying on top 

surface of 

sediment 

NT 

2 

Straight 

vertical 

Burrowed 

vertically 

into 

sediment 

Straight 

vertical 

burrow 

Observed in 

burrow, sed-

displacement 

Straight 

vertical 

Burrow 

Sed-

displacement 

observed in 

burrow 

Straight 

vertical 

burrow 

Observed in 

burrow, 

chimney x1, 

same sed-

displacement 

Straight 

vertical 

burrow 

Observed 

laying on top 

surface, 

chimney x1, 

same sed-

displacement 

Straight 

vertical 

burrow 

Laying on top 

surface of 

sediment, x1 

chimney, 

same sed-

displacement 

NT 

3 

Straight 

vertical 

burrow 

Burrowed 

vertically 

down side 

of tank 

Mid-depth J 

shape burrow 

Observed 

inside of 

burrow, x1 

chimney 

J shape 

burrow 

X1 chimney, 

observed 

inside burrow 

J shape 

burrow 

X1 chimney, 

observed in 

burrow 

J shape 

burrow 

X1 chimney, 

crawling on 

sed surface 

J shape mid 

depth 

burrow 

Laying on top 

surface of 

sediment, x1 

chimney 

NT 

4 

Straight-

vertical 

burrow 

Burrowed 

vertically 

down side 

of tank 

Straight-

vertical 

burrow 

Sed-

displacement 

observed 

inside burrow 

Small U 

shape 

burrow 

Observed in 

new burrow, 

x1 chimney 

Small U 

shape 

burrow 

None Small U 

shape 

burrow 

X1 chimney, 

sed-

displacement 

Small U 

shape 

burrow 

X1 chimney, 

sed-

displacement 

NT 

5 

Shallow 

straight 

vertical 

burrow 

Burrowed 

vertically 

into 

sediment 

Small sub-

vertical 

burrow 

No activity Straight 

vertical 

burrow 

down side 

of tank 

Sed-

displacement, 

x1 chimney, 

observed in 

burrow 

Straight 

vertical 

burrow 

Chimney x1 Straight 

vertical 

burrow 

Observed in 

burrow 

Straight 

vertical 

burrow 

X1 chimney, 

observed in 

burrow 

NT 

6 

Straight 

vertical 

Burrowed 

vertically 

into 

sediment 

Straight 

vertical 

probably the 

same burrow - 

J shape mid 

depth on other 

side 

X1 chimney, 

sed-

displacement, 

observed in 

burrow 

Vertical on 

one side of 

tank, J shape 

on other 

side 

Sed-

displacement, 

chimney x1 

Vertical on 

one side of 

tank, J 

shape on 

other side 

X1 chimney, 

observed in 

burrow 

Vertical on 

one side of 

tank, J 

shape on 

other side 

Chimney x1, 

mucus lined 

surface 

J shape mid 

depth 

burrow, 

horizontal 

burrow in 

sand layer 

Sed-

displacement, 

chimneys x2, 

lying 

horizontally 

in sand 

burrow 

NT 

7 

Straight 

vertical 

burrow 

Burrowed 

vertically 

into 

sediment 

Straight 

vertical 

burrow 

Sed 

displacement, 

chimney x1 

Straight 

vertical 

burrow 

Chimney x1, 

observed in 

burrow 

Straight 

vertical 

burrow 

X1 chimney, 

observed in 

burrow 

Straight 

vertical 

burrow 

X1 chimney, 

mucus lined 

surface, 

observed in 

burrow 

Straight 

vertical 

burrow 

X1 chimney, 

mucus lined 

surface, 

observed in 

burrow 



 

 

 

NT 

8 

Straight 

vertical 

burrow 

Burrowed 

vertically 

into 

sediment 

Straight 

vertical 

burrow 

X1 chimney, 

observed in 

burrow 

X2 straight 

vertical 

burrows 

X12 chimney, 

observed in 

burrow 

X2 straight 

vertical 

burrows 

X2 chimneys, 

sed-

displacement,  

J shape 

and 

straight 

vertical 

burrow 

X2 chimneys, 

sed-

displacement 

J shape and 

straight 

vertical 

burrow 

Chimneys x2, 

mucus lined 

burrow 

 

Table D.1. Summary of results on behaviour and burrow morphology in the polychaete, Alitta virens from all experimental treatments. 
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